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ABSTRACT
Secondary lithium-bromine (Li-Br2) batteries have theoretical potentials near 4.1 V vs
Li/Li+ and capacities more than 2 times greater than conventional Li-ion batteries. Herein,
secondary, non-aqueous Li-Br2 half-cell batteries are reported using a Li metal anode,
carbon-coated glass fiber separator, non-aqueous Li-based electrolytes with and without
the addition of lithium bromine (LiBr) salt, and positive electrodes consisting of either
chemically brominated non-graphitic carbon or carbon derived from the carbonization of
metal-organic frameworks (MOFs) with LiBr embedded into the micro- and mesopores of
the carbon matrix. The separator is effective in mitigating the transport of Br 2 to the
negative electrode. “Pre-bromination” of the positive electrode with a LiBr electrolyte
results in chemisorption of Br2 and facilitates improved coulombic efficiencies and
capacity retention. Charging and discharging profiles at a 1C charge rate over 100 cycles
at 3.8 V show that cells with brominated carbon positive electrodes exhibit a capacity
retention two times greater than untreated electrodes. Likewise, Coulombic efficiencies
increase to approximately 94% for brominated positive electrodes. While charge-transfer
resistances decreased with “pre-bromination” due to the improved electron transfer with
C-Br bonds, open circuit self-discharge and increased ohmic resistances result in lower
overall capacities of 137 mAh/g-LiBr. Carbonization of MOFs produces carbon with
structured pore sizes that confines Br-species into the micro- and mesopores of the
carbon matrix. Material and electrochemical performance comparisons were completed
using brominated carbonized ZIF-8, MIL-53(Al), and HKUST-1. Between these materials,
the brominated carbonized ZIF-8 positive electrodes showed superior electrochemical
performance with specific capacities of 273 mAh/g-LiBr, 98% Coulombic efficiency, and

xiv

88% capacity retention over 100 cycles at a 1C charge rate, corresponding to a practical
energy density of 219 Wh/kg based on the mass of carbonized MOF and LiBr. Coupled
with XPS, BET, and SEM-EDS analysis, it is theorized that the improved electrochemical
performances is caused by greater confinement of Br-species into micropores of the
carbon matrix and the added synergistic benefits of heteroatom doping from carbonnitrogen bonding. These initial results show promise for Li-Br2 batteries as future Li-ion
battery alternatives.

xv

CHAPTER 1. INTRODUCTION AND MOTIVATION
1.1 Motivation
With growing environmental concerns and continued depletion of fossil fuels, a
new energy economy is needed to meet societal demands and must be based on an
inexpensive and sustainable energy supply, such as wind and solar energy. It is estimated
that by 2020, the total wind power capacity worldwide will be equal to 474 gigawatts (GW),
while photovoltaic cells are currently being installed at an exponential rate of 40% per
year worldwide [1]. The rate of photovoltaics is especially promising as predictions
suggest that solar power generation will be 100 GW in the United States, alone, by 2020
[1, 2]. Even with the increased application of wind and solar, these renewable sources of
energy are intermittent and still require pairing with some type of energy storage. While
United States energy goals, according to the US Department of Energy, state that by
2030, 20% of energy production is to come from renewable sources, an integration of
these sources poses a serious stability issue to the current grid system due to their
capricious nature [3].
As it stands, grid support energy storage systems currently consist of an enormous
physical infrastructure of lead–acid batteries, of which, the primary function is to provide
energy in the event of power plant or transmission line equipment failure. This means that
the grid functions as a near-instantaneous transmission of energy to users but has almost
no capability to store energy from sources. In the United States, these battery storage
systems account for around 2% of electricity dispatched. The dearth of storage to the
existing grid results in the construction of power plants that accounts for 30 megawatt
hours (MWh) in capacity that may only operate a couple hundred hours a year, as the
1

demand oscillates through the year. Considering that estimations state that a few
hundred-gigawatt hours (GWh) of energy storage is needed to balance the demand and
supply of the grid that accommodates a 20% renewable energy profile, incorporation of
an energy storage component to the grid is beneficial as energy generated from
renewable sources is not wasted [1, 4, 5]. As an example, wind energy generation
typically reaches its maximum at night, when customer demand is typically at a minimum.
Highlighting the need for improved grid support, in 2008, a cold front had swept into west
Texas causing winds to die in the evening as electricity demands were peaking. In just 2
hours, this reduction of wind plummeted generation from 1.7 GW to 300 MW, when power
demands rose to 35,612 MW form 31,200 MW. Because of this, power had to be diverted
to restore grid stability, which took 3 hours. Resulting from this incident, 4MW sodiumsulfur battery systems were installed store energy from wind production [2]. The value of
energy storage in this case would increase the efficiency at which wind energy is
beneficial. Furthermore, the Electric Power Research Institute has suggested that a more
robust, efficient system could save more than $20 billion annually for utility customers
nationwide [4].
To overcome this, electrochemical energy storage systems have become the most
reliable method to store energy, in particular lithium-ion (Li-ion) batteries. Li-ion batteries
have widespread use in the electronics industry, revolutionizing the market since the
1990s. Furthermore, their electrochemical performances with regards to both
energy/power density and lifetime cyclability have made them attractive as gasoline
alternatives in hybrid electric vehicles, plug-in hybrid electric vehicles, and electric
vehicles, by assisting in the reduction of CO2 production and fossil-fuel consumption [6].

2

The effect of energy density become relevant when taking into consideration, from
a vehicle perspective, that modern cars can drive between 20-30 miles per gallon,
whereas a small car can drive 4 miles per kWh of electricity; this indicates that 5-7 kWh
of electricity is roughly equivalent to 1 gallon of gasoline. At an energy density of 150
Wh/kg, 33-47 kg (73-104 lbs) of battery is equivalent to 1 gallon of gasoline, weighing 6.2
lbs [7]. Aside from overall mass, Li-ion battery technology is still very expensive around
$700/kWh for vehicle applications and $500/kWh for stationary energy applications [3].
Estimates state that costs need to reduce to ~$150/kWh before electric vehicles can
become cost competitive with gasoline powered vehicles [8]. As such, the high Li-ion
battery cost is attributed to the cathode, accounting for around 35%, because of the need
for expensive metals such as cobalt (Co) [9]. Significant breakthroughs are needed to
reduce the cost of these systems 3-5 times and to improve the energy density, with
estimates that goals for these systems should be 500 Wh/kg by 2030 [10].
If Li-ion batteries followed Moore’s law, which is an observation that every two
years, the number of transistors in an integrated circuit doubles, with regards to energy
density, these goals would’ve been attained decades ago, as seen in Figure 1.1 [11].

3

Figure 1.1. Moore’s law compared to typical Li-ion battery chemistries as a function of
time.
One key factor to Li-ion batteries not following Moore’s Law is that there is an upper
limit to the capacity, that can be calculated, for typical Li-ion battery chemistries. Because
of this, alternatives to typical battery chemistries need to be explored. When evaluating
electrochemical energy storage systems, there are several performance and economic
factors that need to be assessed including energy density and power density, reversibility,
safety, and sustainability/cost.
Energy density denotes the amount of energy that can be stored in a given mass,
while the power density denotes the output rate of energy based on mass. A comparison
of these factors is constructed into a Ragone plot, which is a logarithmic plot of the power
density versus the energy density; this plot allows for the comparison of systems such as
capacitors, supercapacitors, rechargeable batteries, and fuel cells to that of the internal
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combustion engine. Figure 1.2 compares the power and energy densities of current
electrochemical energy storage systems [12].

Figure 1.2. Ragone plots for various electrochemical energy storage systems and internal
combustion engine.
As shown in Figure 1.2, the combustion engine occupies the top corner of the plot
at high energy and power densities. Relative to the internal combustion engine, fuel cells
occupy the area of high energy density systems (~100-600 Wh/kg) with relatively low
power density (~1-100 W/kg), whereas capacitors show relatively high-power density
(~10,000-1,000,000 W/kg) with low energy density (~0.01-0.04 Wh/kg) characteristics.
Lithium-ion (Li-ion) batteries occupy a space between the two (~10-200 Wh/kg and ~101000 W/kg), with comparable energy density to fuel cells but slightly higher power
densities.
In order to increase the energy density, and by extension, power density, battery
chemistries need to increase the specific capacity of electrode materials and the
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operating potentials. Addressing the first issue, the specific capacity of materials can be
calculated based Equation 1-1 [13]:
nF

q theoretical = 3.6×M

(Eq.1-1)

w

Where qtheoretical is the theoretical specific capacity of a material in mAh/g, n is the
number of electrons transferred per mole of species, F is Faraday’s constant (96485
C/mol of electrons), and Mw is the molecular weight of the electroactive species.
From this, materials with high theoretical capacities are suitable for high energy
density systems, but energy density is also affected by the overall weight of the battery
components, such as the electrolyte, separator, and the electrode materials, with the
electrode materials accounting for a significant portion of the overall mass. In order to
determine the overall battery energy density, electrode capacities and weight balancing
is key as seen in Equation 1-2 [14]:
QDischarge = q anode × manode = q cathode × mcathode

(Eq.1-2)

where QDischarge is the total discharge capacity in mAh, qanode/qcathode are the specific
capacities of the anode and cathode in mAh/g, and manode/mcathode are the mass of the
anode and cathode in grams. More specifically, the total theoretical capacity of a battery
can be calculated with Equation 1-3:
q

×q

Qtotal = manode+mcathode
anode

(Eq.1-3)

cathode

Consequently, materials with high theoretical capacities based on lightweight
materials are suitable for further exploration. Addressing the need for increased operating
voltages, the voltage of batteries is determined by the thermodynamics of the electrode
reaction. Because the cathode and anode usually have different electrochemical
potentials, when two electrodes in a charged state are connected, electrons will flow from
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the anode to the cathode, while the dissociated positive ions will travel through the
electrolyte to react with the cathode. This driving force for the reaction is associated with
the Gibbs free energy of reaction (ΔGr0), expressed in the following Equations:
∆Gr0 = ∑ ∆Gr0 (products) − ∑ ∆Gr0 (reactants)

(Eq. 1-4)

∆G0 = ∆H 0 − T∆S 0

(Eq. 1-5)

where ΔG0 is the change in Gibb’s free energy (J/mol), ΔH0 is the change in
enthalpy (J/mol), T is the temperature measured in Kelvin, and ΔS 0 is the change in
entropy (J/mol·K). This, then, is thermodynamically related to the electrochemical
potential of the redox species by the Equation:
∆G0 = −nFE0

(Eq.1-6)

where n is the number of electrons transferred in the process and E0 is the formal
potential for the reaction.
When viewing the periodic table, of all elements, Li has the lowest reduction
potential as shown by the following Reaction:
Li+ + e- ↔ Li (E0 = -3.045 V vs. SHE)

(Rxn.1-1)

To increase the operating voltage, elements that are strong oxidizing agents need
to be selected, to widen the electrochemical window of a battery. Strong oxidizing agents
are typically found on the periodic table from groups such as Group 16 or Group 17, which
will be discussed later in this chapter.
The reversibility of electrochemical storage systems is related to the Coulombic
efficiency, which is the ratio of the discharge to charge capacities and is an indication for
the longevity of a cell. Overall, the Coulombic efficiency significantly affects the capacity
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of the cell especially if the amount of lithium in the cell is limited. Figure 1.3 shows how
the Coulombic efficiency affects the overall capacity of a cell over 100 cycles.

Figure 1.3. Effect of Coulombic efficiency on the cell capacity over 100 cycles, assuming
limited lithium.
From Figure 1.3, high Coulombic efficiencies are required for battery longevity, as
capacity fading is 1% over 100 cycles for an efficiency of 99.99%, but significantly
increases to 10% over 100 cycles with only a slight decrease in the efficiency to 99.9%.
In practical terms, batteries need Coulombic efficiencies of 99.9705% to maintain 80% of
their initial capacity over 2000 cycles. To increase the Coulombic efficiency, materials
need to be chosen that minimize any irreversible parasitic side reactions of the active
material and reduce resistive losses.
Safety is another key component to the widespread use and commercialization of
Li-ion batteries. If improperly operated, the chemical energy is released in forms of fires
and explosions. The most prominent recent examples of battery fires and explosions has
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been seen with the Boeing 787 Dreamliner, the Tesla electric car, and the Samsung Note
7 [15]. Liu et al. details that these fires/explosions are a culmination of 3 stages leading
to safety failure: overheating, heat accumulation and gas release, and combustion. First,
the internal temperature of the battery will overheat for several reasons including
overcharging, faulty wiring causing short circuits, cell defects that cause internal shorts,
and exposure to excessive high temperatures by coolant failures. If these issues are not
mitigated, the internal temperature of the battery increases to the point that other chemical
reactions begin, most notably reactions with the passivating electrode layer known as the
solid electrolyte interphase (SEI), discussed more in Chapter 2. The SEI layer will
decompose causing lithium to react with the organic solvents like ethylene carbonate (EC)
and dimethyl carbonate (DMC) to produce Li2CO3 and other hydrocarbon gases such as
methane and ethane, shown in Reactions 1-2 and 1-3:
2Li + C3H4O3 → Li2CO3 + C2H4

(Rxn.1-2)

2Li + C3H6O3 → Li2CO3 + C2H6

(Rxn.1-3)

As the temperature continues to increase, the polymer separators deteriorate and
cause the cathode and anode to short circuit, exacerbating the situation, and causing the
lithium metal oxide cathode to release oxygen, shown below:
LixCoO2 → xLiCoO2 + 0.33(1-x)Co3O4 + 0.33(1-x)O2

(Rxn.1-4)

Co3O4 → 3CoO + 0.5O2

(Rxn.1-5)

CoO → Co + 0.5O2

(Rxn.1-6)

The combination of oxygen, heat, and other flammable fuels culminates in fire and
can then lead to an explosion [15, 16]. Because of these issues, future lithium-based
batteries need to consider safety, especially when using materials that are high oxidizers.
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As previously mentioned, Li-ion batteries have revolutionized the electronics and
automotive markets with the use of the layered cathode material, LiCoO2, so much so
that more than 50% of the world’s current Co production goes to rechargeable batteries
for these devices [17]. However, cost and other ethical issues need to be addressed for
future lithium-based technology. As it stands, the Democratic Republic of Congo (DRC)
produces around 60% of the Co that is used worldwide, focused mainly in the Kantanga
Copperbelt. However, studies have shown that Co production in the DRC is
environmentally unsafe and highly exploitative. Biomonitoring studies show that in the
Kantanga Copperbelt, which have some of the highest deposits of Co, that children in the
region were heavily contaminated with Co, which can cause heart, lung, blood, and
thyroid issues and increased risks of cancer later in life. Furthermore, it has been
documented that the Co mining labor force is comprised of adults and children, which
raises ethical questions about child exploitation [17, 18]. Additionally, Co is relatively
expensive, costing around $79000/ton ($39.5/lb) [19].
Therefore, to reduce all the risks involved, battery cathodes need to be composed
by more sustainable, environmentally friendly, and ethically responsible sources that
reduce the need for base metals. In response to these concerns and the increased energy
density, power density, and reversibility demands, alternative Li-X batteries are being
developed, where X denotes Group 16 and 17 elements on the periodic table. Two types
of cells, lithium sulfur (Li-S) and lithium air (Li-O2), have garnered the greatest attention
in the literature owing to their high theoretical energy density, but many issues plague
their commercial viability, as discussed in Chapter 2.
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Alternatively, Group 17 elements (halogens) are attractive materials for use in
lithium-based batteries owing to their small size/mass and highly oxidative properties,
which increase their energy density, as shown in Table 1.1.
Table 1.1. Redox chemistry, formal redox potentials, and theoretical capacities based on
mass of halogen and lithium-halogen chemistry.

Element

Redox
Chemistry

Potential
(V vs.
SHE)

Theoretical
Capacity (mAh/gX2)

Theoretical
Capacity (mAh/gLiX)

F2

F2 + 2e- ↔ 2F-

2.87

1411

1033

↔

2Cl-

1.36

756

632

↔

2Br-

1.07

335

309

↔

2I-

0.54

211

200

Cl2
Br2
I2

Cl2 +

2e-

Br2 +

2e-

I2 +

2e-

However, special consideration is needed when developing batteries with
halogens as they are highly reactive and corrosive. To make these types of batteries, the
halogens need to be captured. In their natural state, fluorine (F2) and chlorine (Cl2) are
gases which increases their difficulty in construction of batteries, but iodine and bromine
are solid and liquid, respectively. Iodine (I2) has been used in lithium-based applications
for pacemaker batteries, but the larger size of I2 atoms limits their use as high energy
density materials. To meet the demands and improve upon the next generation of lithiumbased battery systems, this work proposes the development of a nonaqueous, secondary
lithium-bromine (Li-Br2) battery.
Bromine (Br2) is a halogen that is a reddish-brown liquid. It is a naturally occurring
substance in nature found in seawater, natural brine wells, and salt lakes from marine life.
To create elemental Br2, these sources are first oxidized with Cl2 to convert bromide ions
(Br-) into Br2, then are stripped from the aqueous solution and separated from the resulting
vapor, and finally purified to specification. The United States and Israel currently account
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for 78% of the world’s Br2 production, which is then used in a variety of applications
including flame retardants, agricultural chemicals, water treatment, and pharmaceuticals
[20]. Moreover, the production of Br2, especially from seawater, is economically viable,
relative to other base metals, and costs, according to the United States Geological
Survey’s Commodity and Statistics Information, between $2-2.45/lb [21, 22].
While it is advantageous to use a readily abundant, cost-effective source in battery
applications, Br2 is also a highly corrosive agent, and special consideration must be given
to ensure its viability as a lithium-based battery alternative. This work considers
nonaqueous Li-Br2 cells with non-graphitic carbon positive electrodes. More specifically,
the behavior of activated carbon and carbon derived from metal-organic frameworks is
evaluated as positive electrode materials.
1.2 Organization of Thesis
Chapter 1 serves as a brief introduction into the motivation of developing an
alternative lithium-bromine battery for electrochemical energy and details a brief overview
on the context of each chapter presented in this thesis.
Chapter 2 covers a literature review on various battery chemistries. The
chemistries discussed include Li-ion with detail given to layered, spinel, and olivine crystal
structured cathode materials, lithium-air (Li-O2), lithium-sulfur (Li-S), lithium-iodine (Li-I2),
and zinc-bromine (Zn-Br2) batteries.
Chapter 3 gives an overview of the methodology and experiments conducted in
the two studies presented in this work. This chapter will detail the construction of positive
electrodes and coin cells. Next, a brief description into the theory of each experiment
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conducted is given followed by the experimental set-up and then an explanation of
calculations involved in the analysis of each study.
Chapter 4 presents the study of using “pre-brominated” activated carbon as
positive electrode materials with a brominated electrolyte. Following an introduction of the
few studies conducted on Li-Br2 batteries, the preparation of brominated activated carbon
is detailed. Finally, the results of the study are discussed.
Chapter 5 expands upon the results of the preceding chapter by studying the use
of carbonized metal-organic frameworks (MOFs) that are loaded with lithium bromide
(LiBr) salt as positive electrodes. Similar to Chapter 4, this chapter begins with an
introduction into the uses of MOFs as electrode materials, followed by preparation of the
MOFs for use as electrodes. Finally, the results of the study are discussed.
Chapter 6 summarizes the results of this work and details recommendations for
future study.
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CHAPTER 2. LITERATURE REVIEW OF LITHIUM-BASED BATTERIES
The aim of this chapter is to present an overview of Li-based batteries. The chapter
begins with a discussion of fundamentals of secondary batteries, defining battery type
terms and battery components, followed by an overview of the various commercially
available chemistries of Li-ion batteries, an overview of next generation lithium-chalcogen
batteries with Li-O2 and Li-S, and finally an overview of a halogen-based batteries
including, Li-I2 and Zn-Br2. These overviews serve to detail the working electrochemical
reactions, theoretical capacities, issues plaguing the advancement and/or widespread
commercialization of these chemistries, and examples of the type of research that has
been conducted to overcome these issues.
2.1 Fundamentals of Secondary Batteries
A secondary battery is a rechargeable, unlike primary batteries which are nonrechargeable, energy storage device consisting of an electrochemical cell or a multitude
of electrochemical cells connected that converts chemical energy into power.
In these secondary cells, there are two main processes: non-Faradaic charge
storage and Faradaic reactions. The non-Faradaic charge is assembled in electric
double-layer capacitance (EDLC) in which two ideal double charged layers are formed
with an applied voltage, causing cations and anions in the electrolyte to attach on each
electrode [23]. During charging, electrons move from the positive electrode to the
negative electrode, whereas in the electrolyte, anions move toward the positive electrode
and the cations move toward the negative electrode [23, 24]. Non-Faradaic energy
storage typically accounts for a very small part (< 0.1%) of energy storage in a battery.
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Faraday’s law of electrolysis states that the amount of material/moles of a substance that
is consumed or produced at an electrode is proportional to the electric charge passed
through the electrode [25]; Faradaic reactions are governed by this law. Faradaic
reactions are diffusion-controlled process that involve the oxidation and reduction of ions
at the electrode surface (e.g. redox couple) [23].
Batteries are typically constructed with a cathode, anode, separator, and
electrolyte. Typical Li-ion batteries use layered cathode of transition metal oxides,
discussed in the next section, a lithium intercalated anode, a polymer separator, and liquid
nonaqueous carbonate electrolytes. The anode, or the negative electrode, donates
electrons during the discharge of a cell, while the cathode, or positive electrode, accepts
electrons during cell discharge; this process is reversed upon charging.
In the early stages of Li-ion battery development, Li metal was used as an anode
because of its high theoretical energy density and redox potential. However, it was found
that in liquid organic electrolytes, some of the lithium-based salts would deposit onto the
surface of the Li anode and not be used in subsequent discharges, causing capacity
fading, prompting the use of a relatively large excess of Li to compensate for the initial
losses. This deposition onto the Li anode also caused severe safety concerns such as
fires and explosions, as the dendrites that formed could short-circuit the battery and
increase the internal temperature of the battery. It wasn’t until the late 1980’s that the Li
metal was replaced with an alternative anode compound, in which the idea was to use a
combination of two insertion type electrodes that would either accept lithium ions or
release lithium ions, also known as a lithium rocking chair battery. In terms of the anode,
this material would act as a “lithium sink” and transfer x equivalents of Li ions between
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itself and the cathode. As a result, researchers studied the use of carbonaceous materials
to act as anode materials, with graphite being desirable due to its intercalation
capabilities. Graphite is known to intercalate one lithium ion for every six carbon atoms,
according to the following reaction:
xLi + C6 ↔ LixC6 (0 ≤ x ≤ 1)

(Rxn.2-1)

Graphite is a desirable material because its chemical potential, when intercalated
with lithium, is close to that of metallic lithium (0.1 V vs. Li/Li+), is highly reversible, is
known to form a passivating layer with carbonate electrolytes that provides a conducting
protective layer, and has a high specific capacity of 372 mAh/g [26, 27].
The separator functions as a physical barrier, keeping the cathode and anode
apart while only allowing ions pass through between the two electrodes. While not
participating in any of the electrochemical/chemical reactions in the battery, the separator
does affect cell performance and overall safety. Standard Li-ion battery separators are a
layered polyethylene (PE) and propylene (PP) membrane, in which PE is sandwiched
between PP, serving as thermal shutdown barrier. When temperatures in a cell rise about
80 °C, many of the chemical reactions are increased that, in turn, increase the
temperature rapidly and pose severe safety issues [15]. The melting points of PE and PP
are 125-135 °C and 160-165 °C, respectively. Because PE melting point is lower, the
pores constrict as the temperature increases, inhibiting the transport of ions, while the PP
layer will retain structural integrity preventing the short-circuiting of anode and cathode.
However, low porosity and wettability are still issues with these types of separators.
Therefore, some key criteria for future separators are high porosity for increased ionic
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conductivity, high wettability for lower cell resistance and increased kinetics, and chemical
and thermal stability for safety [11].
The electrolyte serves as the medium that enables transport of lithium ions
between the cathode and anode. Electrolytes are categorized as either aqueous or nonaqueous. Aqueous electrolyte describes an electrolyte that uses water as a solvent. A
non-aqueous electrolyte is one that uses organic solvents such as carbonates, ethers,
and esters as a solvent. The operating voltage is determined by the compatibility of
anode/cathode and the electrolyte. This voltage, also known as the open circuit voltage
(Voc) is defined by the following Equation [13]:
Voc =

μa −μc

(Eq.2-1)

e

where µa is the chemical potential of the anode, µc is the chemical potential of the
anode, and e is the magnitude of electronic charge. It should be noted that this voltage is
also limited by the electrolyte’s “electrochemical window”. This window is determined by
an energy gap between the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO), as shown in Figure 2.1.
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Figure 2.1. The relationship between anode/cathode potentials and the HOMO/LUMO of
the electrolyte showing the electrochemical window of a cell.
In general, anode and cathode materials need to be selected so that the chemical
potential of the anode and the chemical potential of the cathode lie below the LUMO and
above the HOMO of the electrolyte, respectively, otherwise, the electrolyte will oxidize
and/or reduce onto the surface of the cathode and anode, causing cell performance and
safety issues [28]. In practice, as mentioned earlier with the graphite anode, there is a
slight breakdown of the electrolyte solvents in the beginning of cell charge/discharge that
creates a passivating layer onto the surface of the electrodes known as the solid
electrolyte interphase (SEI). This passivating film can reduce the overpotential and
concentration polarization in a cell by permitting the diffusion of Li-ions through it under a
uniform electrical field [13]. Additionally, the SEI layer maintains a uniform chemical
composition at the electrode surfaces by preventing aggregation of electrochemically
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active particles and preventing exfoliation of the electrode surface by lithium insertion and
disinsertion [29]. While positive aspects to this passivating layer, the SEI also leads to
power and capacity losses by increasing the internal resistance of the battery and
consuming lithium-ions from the cathode.
The performance and safety of the cells, particularly with high voltage cathode
materials, rely upon selecting appropriate electrolyte solvents and lithium-based salts
tailored to specific applications such as those that require high or low temperature
operation. The most common solvent in Li-ion batteries is ethylene carbonate (EC), which
is a cyclic carbonate, because it possesses several desirable properties such as good
solubility, low vapor pressure, and the ability to form a stable SEI layer on the graphite
anode, preventing continuous cell performance damaging reactions [30]. However, owing
to its high viscosity (1.90 cP at 40 °C) and high melting temperature (34-37 °C), it is used
in conjunction with other linear carbonates such as dimethyl carbonate (DMC) and
ethylmethyl carbonate (EMC) to increase its ion mobility and liquid range [31]. While
common, electrolyte solvents can vary, as seen in Figure 2.2.

Figure 2.2. Various electrolyte solvents used in lithium-based battery technology.
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Another important component to the electrolyte that needs to be tailored to various
applications is the lithium salt. The most common lithium-based salt used in current Liion battery technology is lithium hexafluorophosphate (LiPF6) because it shows better
overall performance capabilities compared to other lithium-based salts with regards to
ionic conductivity, solubility, and passivation of the aluminum current collector [32].
However, thermal stability of LiPF6 remains an issue as the stability is poor above
temperature of 55 °C and at elevated temperatures >100 °C, it decomposes according to
the following reaction:
LiPF6 → LiF + PF5

(Rxn.2-2)

The pentafluorophosphorane (PF5) species can then react with the solvents to
produce toxic chemicals and can initiate polymerization of the solvents. Additionally trace
amounts of water or alchols in the solvents can react with LiPF6, generating HF and POF3,
all of which compromises the safety and cell performance [15, 16, 29, 33, 34].
Therefore, in general, the stored energy content of a battery can be maximized by:
1. Ensuring the electrolyte is not consumed by the battery chemistry, 2. Having a large
chemical potential difference between the two electrodes, and 3. Making the
mass/volume of the reactants as small as possible per exchanged electron [35].
2.2 Lithium-ion Batteries
Lithium-ion batteries have been a high priority in research and development in
recent decades. When viewing the periodic table, lithium has the lowest reduction
potential of any element. This allows lithium-based batteries to have the highest cell
potential. In addition, lithium is the third lightest element with one of the smallest ionic
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radii of any single charged ion [36]. As a result, lithium-based batteries have high
gravimetric and volumetric capacity and power density [37].
As mentioned previously, Li-ion batteries have been studied for several decades,
revolutionized using insertion or intercalation electrodes. In general, the continuation of
electrochemical reactions and cycle life meant that materials must be able to have a
reversible electronic structure to balance positive charge of the lithium ions inserted into
the material and stable crystal structure to prevent lattice collapse [38]. By the late 1970’s
and early 1980’s, the Exxon Company exploited this type of material using a transition
metal compound titanium sulfide (TiS2) proposed by Whittingham. This compound was
found to exchange lithium ions across its layered structure and the change in valence
state from +4 to +3 allowed structural stability. Following this, Goodenough developed the
lithium cobalt oxide (LiCoO2) cathode that would later become a staple in Li-ion
technology in the 1990’s. In general, the key progresses made in Li-ion technology from
the 1970’s to the early 1990’s can be summarized as follows [27, 39, 40].
•

Solid lithium iodine (Li-I2) battery – Moser in 1972

•

Rechargeable lithium battery using TiS2 – Whittingham in 1977

•

Polymer electrolyte battery – Armand in 1978

•

Development of LiCoO2 cathode – Goodenough in 1980

•

Li-ion battery with graphite anode and LiCoO2 cathode – Sony in 1991.

The first commercial lithium-ion battery was produced in 1991 by Sony using a
lithium intercalated graphite as the anode, a lithium-cobalt oxide (LiCoO2) cathode, and
electrolyte consisting of LiPF6 in the organic solvents EC and DMC as shown in Figure
2.3 [7, 35, 37, 41, 42]. An intercalation compound is a material with layered structures
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that undergoes topotactic reactions, meaning that the material maintains its basic
structure while atoms are exchanged or displaced. For lithium-ion batteries, this exchange
or displacement is caused by the reductive insertion of lithium ions, and the materials that
use intercalation compounds can be found in the anode and cathode.

Figure 2.3. Illustration of a common Li-ion battery with a graphite anode and layered
cathode.
In this specific setup, the following reactions occur:
Positive electrode: LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe-

(Rxn.2-3)

Negative electrode: C6 + xLi+ + xe- ↔ LixC6

(Rxn.2-4)

Overall: LiCoO2 + C6 ↔ Li1-xCoO2 + LixC6 (E0 = 3.8 V vs. Li/Li+)

(Rxn.2-5)

This general formula can be applied to other metal oxide chemistries in the
following format:
yC + LiMO2 ↔ LixCy + Li1-xMO2 (E0 ~ 3.7 V vs Li/Li+)
where x~0.5, y=6, and M specifies the metal.
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(Rxn.2-6)

Since the introduction of this chemistry, and the rapid use and expansion of lithiumion technology in multiple sectors, it has become evident that crucial battery parameters,
such as overall life cycle, safety, and energy and power density depend on the electrolyte
and electrode performance. Therefore, the choice of electrode, in this case, cathode
materials is key. Other battery chemistries such as lithium manganese oxide (LMO),
nickel cobalt manganese oxide (NMC), lithium iron phosphate (LFP), have been explored,
to name a few. Their performance is detailed in Table 2.1 [7, 11, 37, 41].
Table 2.1. Theoretical and actual energy densities and average cell voltage for various
lithium-ion battery chemistries.
Theoretical
Specific Capacity
(mAh/g)

Practical
Specific
Capacity
(mAh/g)

E0 (V vs.
Li/Li+)

Crystal
Structure

Cathode
Chemistry

Chemical
Formula

LCO

270

140-150

3.8

Layered

274

160-170

3.7

Layered

LMO

LiCoO2
LiNixMn1-xyCoyO2
LiMn2O4

148

90-120

4.1

Spinel

LFP

LiFePO4

278

100-156

3.4

Olivine

NMC

When discussing electrode materials, it is evident that crystal structure plays a key
role in the performance of these battery types. In particular, the most common lithium-ion
battery types are broken into three structural types: layered, spinel, and olivine, as shown
in Figure 2.4.
The classification into these categories correspond to ion diffusion pathways and
activation energy that govern the transport of lithium ions in the material.
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Figure 2.4. Layered, spinel, and olivine crystal structure for lithium-ion batteries.
As mentioned previously, LCO cathodes have been used as cathode materials
since the early 1980s and commercially since the early 1990s by Sony. LCO has a
layered rock salt structure called “α-NaFeO2”, in which oxide ions constitute a (111)
plane, and lithium ions and cobalt ions are alternately present between the layers [43].
The LCO structure has several advantages as a battery cathode material including, high
energy density due to the two-dimensional migration channel of Li+ because of the
ABCABC stacking order, good electrical conductivity due to an octahedral array of the
edge-shared CoO6, high open circuit voltage, and low self-discharge [44].
The main disadvantage of this cathode material is that the actual capacity is
around half that of the theoretical value. This disparity is a result of physical and chemical
instabilities arising from the overlap of Co and O2 bands, in which, at high voltages, phase
transitions occur to the crystal structure because electrons are removed from O 2 as Co3+
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is oxidized to Co4+. These phase transitions inhibit lithium-ions from entering the crystal
structure. Also, when the amount of lithium ions that desorbs from the material exceeds
0.5, other phase changes (from hexagonal to monoclinic) occur, causing instability in the
LCO structure. To avoid this, the charging voltage is capped at 4.2 V, but the capacity is
ultimately negatively impacted [43].
Another disadvantage to this cathode chemistry is material supply because cobalt
is a significant component of this cathode. Cobalt is a rare metal with limited reserves and
production. Therefore, the unit price for this material is expensive at $39.5/lb and is not
suitable for long-term usage, which has prompted researchers to investigate other
materials that limit the use of cobalt in the cathode [19].
One advancement to the LCO cathode materials is the use of mixed transition
metal cathodes because of various synergetic advantages over the single transition metal
cathodes. One of these types of cathodes which still retains a layered crystal structure is
NMC with a chemical formula of LiNi0.33Mn0.33Co0.33O2. Structured similarly to LCO, this
cathode combines manganese (Mn), cobalt (Co), and nickel (Ni) in an α-NaFeO2- type
layered structure. The greatest benefit, compared to LCO, is that NMC is less expensive
because the proportion of Co is reduced by Mn and Ni. During charging and discharging,
the Co, Ni, and Mn adopt valences of +3, +2, and +4, respectively. At higher potentials,
Co is reversibly oxidized from Co3+ and Co4+, just like with LCO. At lower potentials, Ni is
reversibly oxidized from Ni2+ to Ni4+. For Mn, however, there is no change in oxidation
number at Mn4+, meaning that the manganese species provides structural stability to the
structure. Additionally, the presence of Co, specifically Co3+, aids in the suppression of
Jahn-Teller structural distortion (when non-linear molecules reduce energy that causes
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symmetry/geometric distortions) by disrupting the Ni2+/Mn4+ cation ordering [6, 44].
Moreover, during lithiation and delithiation, the volume change is zero between lithium
stoichiometries of 0-0.67, and only experience small changes higher than 0.67. Because
of these effects, NMC has been shown to have greater safety at higher voltages and
greater rate capabilities. However, low capacity and diminished life cycles still plague this
material as the surfaces can be reconstructed and unstable SEI layers form through
transition metal decomposition.
An alternative crystal structure to layered is spinel, which is formed with LiMn2O4
chemistry, which has a crystal formula of AB2O4, forming a three-dimensional structure.
Spinel is a cubic-closed pack structure, in which Mn ions occupy the 16d octahedral sites,
while the lithium-ions occupy the 8a tetrahedral sites. During charging and discharging,
the vacant 8a tetrahedral (at higher voltages around 4.0 V) and 16c octahedral sites (at
lower voltages around 3.0 V) allow lithium ions to intercalate and deintercalate through
the structure [43, 45].
Compared to other cathode crystal structures, LiMn2O4 has a lower capacity that
is attributed to structural instability and manganese dissolution. At higher potentials, near
4.0 V, the crystal structure undergoes Jahn-Teller asymmetric lattice distortion from the
Mn3+ oxidation state that causes a cubic to tetragonal phase transitions. Next, with the
use of LiPF6 electrolytes, trace amounts of HF will trigger the Mn disproportionation
reaction shown below:
2Mn3+ → Mn2+ + Mn4+

(Rxn.2-7)
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The products from this reaction will then cause manganese dissolution as the
manganese will leave the cathode and diffuse out to the electrolyte. Both effects ultimately
result in rapid capacity fading [6, 44-46].
The last type of crystal structure found in Li-ion batteries is olivine structure with
LiFePO4 being the most common cathode material in this class. Like spinel, olivine
materials also have an AB2O4 crystal formula. This material is a polyanion material
crystallized in an orthorhombic system with slightly distorted hexagonally close-packed
oxygen arrangements [44]. Unlike spinel structures, the phosphorous atoms are in the
tetrahedral sites, whereas lithium ions and iron cations (Fe2+) occupy the octahedral sites.
This cathode material has attracted many researchers due to its great charge/discharge
cyclability, high capacity, thermal stability, environmental friendliness, and abundant lowcost raw materials [43]. Another key advantage to this type of crystal formation is that the
structure is stabilized by the strong P-O bonds in PO4 that reduces O2 release during
charging and discharging.
Despite the advantages, LFP is still limited in use for several reasons. First,
because of low electrical conductivity (on the order of 10-10 S/cm2), it is difficult to rapidly
charge and discharge the material. Secondly, because of the one-dimensional pathway
channel, lithium ion diffusion is low. Additionally, because of this pathway, where diffusion
takes place along the edge shared LiO6 units, impurities and point defects can block
diffusion. These factors result in loss of capacity [44].
To resolve these issues, researchers have studied the use of conductive coating,
such as carbon, onto the surface particles to increase the electrical conductivity and to
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increase the particle surface area in the nanostructure to increase pathways in the
cathode [43].
Although Li-ion battery technology has progressed significantly in the past
decades, especially with long life cycles (> 1000 cycles), there remain several
disadvantages to each cathode type, summarized in Table 2.2 [6, 47].
Table 2.2. Summary of the advantages and disadvantages of various Li-ion battery
cathode materials.
Cathode
Chemistry

LCO

Advantages

Disadvantages

*Stable electrochemical
performance

*Limited resources

*Ease of synthesis

*Toxic
*Expensive materials

*High Capacity

*Limited resources

*High E0

*High cost of Ni and Co

*Slow reaction with electrolyte

*Controlling patents

NMC
*Longer cycle life

LMO

*Low cost

*Mn solubility issues

*Ease of synthesis

*Lower capacity
*Poor high temperature
cycling

*Good overcharge resistance
*High discharge voltage plateau

LFP

*Good thermal safety

*Low E0

*Long cycle life
*Excellent high rate
performance

*Low capacity
*Poor low temperature
cycling

As described in this section, the limitations of these cathode materials with regards
to cost, resource availability, and electrochemical performance, specifically capacity,
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have prompted researchers to investigate alternative lithium-based battery chemistries
that can deliver higher energy and power densities, while at the same time maintaining
the lifetime stability of their predecessors [41].
2.3 Lithium-Chalcogen Batteries
2.3.1 Lithium-Air Batteries
Li-O2 batteries are the most promising lithium-type batteries to rival conventional
internal combustion engines, if you assume that oxygen (O2) is not included in the mass
calculation. Unlike traditional Li-ion batteries, Li-O2 batteries are half-open systems which
use oxygen from ambient air as recourses to store and convert energy [48]. Based on the
Li anode and O2 as the cathode, these cells yield a high theoretical energy density of
~11,680 Wh/kg compared to gasoline at ~13,000 Wh/kg [10, 11, 49, 50]. In 1996,
Abraham and Jiang constructed the first prototype of room temperature Li–O2 batteries
with a lithium anode, carbon cathode, and polymer electrolyte of polyacrylonitrile [10, 48].
Because of this, many researchers have continued efforts into studying Li-O2 batteries
and have configured them in various ways including aprotic, aqueous, solid state, and an
aqueous/aprotic mix. In general, aprotic cells show the most promise in electrochemical
performance with regards to rechargeability, which has attracted the most attention from
researchers. An illustrative schematic of aprotic Li-O2 cells is shown in Figure 2.5 [50].
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Figure 2.5. Aprotic Li-O2 battery configuration.
Aprotic cells are composed of a lithium anode, a porous O2-breathing cathode
made from carbon particles with high surface area and catalyst particles combined on a
metal mesh with binder, and an electrolyte of lithium-based salts dissolved in an aprotic
solvents (meaning the solvents have no O-H or N-H bonding) such as organic carbonates,
ethers, and esters [50]. The general chemistry involved at the anode and cathode are
shown in the following reactions [10, 11, 50].
Anode: 2Li ↔ 2Li+ + 2e-

(Rxn.2-8)

Cathode: 2Li+ + O2 +2e- ↔ Li2O2

(Rxn.2-9)

Total: 2Li + O2 ↔ Li2O2 (E0 = 2.96 V vs Li/Li+)

(Rxn.2-10)

During discharging, the lithium metal is oxidized to Li+ migrating to the air cathode.
At the same time, on the cathode, a one-electron transfer reaction forms a superoxide ion
(O2-) which then undergoes another one-electron transfer reaction from LiO2 to Li2O2.
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Upon charging, the Li2O2 species undergoes a direct decomposition to O2 without forming
the LiO2 intermediate [51].
While this battery chemistry does promise high theoretical energy densities, there
are several practical drawbacks including low cycling performance due to low efficiencies,
poor rate capabilities, high charging overpotentials, and low specific capacities [10].
These issues arise due to a variety of factors, including:
•

Reactions with the lithium anode,

•

Decomposition of the non-aqueous electrolyte,

•

Degradation of the carbon cathodes, and

•

Slow oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)
kinetics at the cathode.
Because a lithium anode is used, one of the concerns is associated with lithium

dendrite growth which effects the safety and long-term performance of the cell. With
repeated charging and discharging comes the deposition and dissolution of lithium, this
ultimately will cause a cell shortage as these dendrites can puncture through separators,
contacting the cathode. Additionally, there are concerns with the lithium reacting with the
various components in the electrolyte and impurities such as CO2, N2, and H2O in the
ambient air that isn’t separated from the O2. These side reactions negatively impact the
capacity and increase the resistances in the cell that lower the efficiency. To improve the
lithium anode, several approaches to protect the anode have been studied including the
use of polymer electrolytes and using lithium-ion conducting ceramics such as lithium
superionic conductor (LISICON)-type materials with a thin film of lithium stable conducting
material inserted between this ceramic and the lithium metal to inhibit side reactions
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between the materials [49, 52]. While these materials have had a positive impact in the
performance of lithium-air cells, the ceramics are not economically feasible for large scale
reproduction and, because they are brittle, can be cracked which will cause parasitic side
reactions [50].
Not only can the lithium anode react with the electrolyte, but the electrolyte itself
and decompose with these types of cells. Initially carbonate-based electrolytes,
commonly used in lithium-ion batteries, were used, but it was shown that they can
decompose during charging and discharging into high molecular weight products at the
cathode surface. These products are formed because the super oxide species (O 2-) can
cause nucleophilic substitution breaking down the electrolytes into C 3H6(OCO2Li)2,
CH3CO2Li, Li2CO3, HCO2Li, and lithium alkyl carbonates [51]. Because of this,
researchers have investigated other non-carbonate electrolyte solvents that are better
chemically stable in the presence of super oxide ions. These solvents include dimethyl
sulfoxide (DMSO), 1,2-dimethoxyethane (DME), and tetraethylene glycol dimethyl ether
(TEGDME), and have been shown to have higher stability and greater reversibility of the
decomposition and formation of Li2O2 at the cathode surface [51, 52]. While promising,
research has found that DSMO can cause the formation of LiOH by the reaction of LiO2
intermediate and DMSO. As a result, sulfone and ether-based solvents are suggested to
not be suitable for lithium air batteries, facilitating further exploration into finding
alternatives as a stable electrolyte has yet to be demonstrated [53].
The greatest concern with the overall improvement of lithium-air batteries is the
selection of appropriate materials to improve the reversibility and stability of cathode to
enhance the cycling performance and round-trip efficiency. As mentioned previously,
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because Li-O2 batteries are half-open systems, three critical criteria much be taken into
consideration when selecting materials, including that they must have high catalytic
activity to reduce the overpotential, high conductivity to reduce the internal resistances,
and high porosity to keep all products in the cathode.
High catalytic activity is key to help facilitate the sluggish ORR and OER, which is
detailed by the electrochemical water splitting reactions below [54]:
ORR: 2H+ + 1/2O2 + 2e- → H2O

(Rxn.2-11)

OER: H2O → 1/2O2 + 2H+ + 2e-

(Rxn.2-12)

For lithium-air batteries, the ORR relates to Li2O2 formation and OER relates to its
decomposition. To reduce the internal resistances, high conductivity is required as this
property of a material can assist in fast electrochemical reactions by being a fast electron
supplement. Because the generated discharge products are stored in the cathode
material, high porosity not only keeps these materials inside, but also can facilitate better
reactions.
Typically, carbon is used as cathode materials in lithium-air batteries, but they not
only suffer from corrosion at high potentials but also corrosion in the presence of Li 2O2
due to their highly favorable thermodynamic formation, as shown in the following
reactions [55]:
Li2O2 + C + 0.5O2 → Li2CO3 (ΔG = -542.4 kJ/mol)

(Rxn.2-13)

2Li2O2 + C → Li2CO3 + Li2O (ΔG = -533.6 kJ/mol)

(Rxn.2-14)

This corrosion of the carbon materials has also been found to exacerbate
electrolyte decomposition, especially with ether-based electrolytes, during cycling,
leading to the formation of Li2CO3 side products [51]. Researchers have suggested that
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a monolayer of this Li2CO3 side product, which is formed at the interface between the
carbon and Li2O2, causes a significant decrease in the exchange current density because
the internal charge transfer resistances increase that results in the need for higher
charging potentials [56]. These factors are what ultimately causes poor cycling
performances in Li-O2 batteries.
Although there have been various studies conducted on Li-O2 batteries, as shown
in Table 2.3, this section will highlight the work of two research groups that have shown
major progress in addressing capacity and lifetime of these types of cells [57, 58].
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Table 2.3. Brief overview of Li-O2 batteries.

Cathode

Electrolyte

Au nanoparticles coated Ni
nanowires
Ru@nanoporous graphene
catalysts

1.3M LiTFSI in
TEGDME
0.1M LiClO4 in
DMSO
1M LiTFSI in
TEGDME

Carbon-free MnCo2O4@Ni
Hierarchical rutile TiO2
nanowire arrays grown on
carbon textiles
Co4N/CNF
MoO2/Mo2C Nanocrystal on
Carbon foam
Poly(2,2,6,6tetramethylpiperidinyloxy-4-yl
methacrylate) (PTMA)
Ketjen black on fiber
separator
Nanoporous graphene
Black TiO2@Ni
MnCo2O4/MoO2 nanosheets
on Ni foam

1M LiTFSI in
TEGDME
1 M LiTFSI in
TEGDME
1 M LiCF3SO3 in
TEGDME
0.5 M LiTFSI in
DEGDME
1 M LiTFSI with 10
mM LiBr in
DEGDME
1.0 M LiClO4 in
DMSO with 50 mM
TTF
1 M LiTFSI in
TEGDME
0.9 M LiTFSI with
0.1 M LiI in
TEGDME

Terminal Charge
Restricted Specific
+
Potential (V vs. Li/Li ) Capacity (mAh/g)

Charge Rate
(mA/g)

Cycle

4.3

500

500

110

4.4

1000

200

200

4.2

1000

100

100

4.7

500

500

500

4

1000

200

100

3.68

500

100

135

<4

1000

200

60

4

1000

500

15

3.51

5000

500

100

4.5

1000

500

260

3.2

1000

500

400
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Li et al. developed a binder-free cathode composed of ruthenium (Ru)
nanoparticles deposited onto multi walled carbon nanotube papers (MWCNT). In this
work, the MWCNT facilitates the transport of oxygen and electrons, while the Ru
nanoparticles function as catalysts that promote the ORR and OER reactions. Because
of the structure of nanotubes, the major product, Li2O2, fills the void spaces between the
MWCNT and are readily available for reaction by the catalyst particles. Additionally, the
volume change effects caused by the formation/deformation of Li2O2 is reduced. The
study consisted of comparing the cell performance of MWCNT without the catalyst
nanoparticles to Ru-MWCNT, with all the results and charge rates being normalized to
the mass of the MWCNT and Ru-MWCNT, respectively. When comparing the first cycle
of the Ru-MWCNT to MWCNT with no catalysts, the overpotential is reduced from 1.79
V to 1.04 V at charge rates of 500 mA/g. Furthermore, the Ru-MWCNT was found to
maintain a capacity of 5000 mAh/g for 50 cycles at a 500 mA/g charge rate. For higher
charge rates of 1500 and 2000 mA/g, the same capacity was maintained for only 35
cycles, and then the capacity loss was around 20% by the 50th cycle. While promising, Li
et al. state that longer lifetimes are heavily dependent on stable electrolytes and
searching other ORR/OER catalysts to further reduce the overpotential in the cells [59].
Lim et al. constructed Li-O2 cells using porous woven carbon nanotube (CNT) fibril
electrodes with a soluble catalyst referred to as a highly active redox mediator. With this
set-up, the discharge product, Li2O2, was rapidly and uniformly formed onto the macroand micropores of the fibril electrode, allowing a large surface area for the soluble catalyst
to effectively react with the product without clogging the electrode. The redox meditator
was chosen based on the following criteria: 1. Needs to efficiently decompose Li 2O2, 2.
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Needs to be highly soluble in the electrolyte, 3. Needs to not react with the lithium anode
and the electrolyte solvents, and 4. Needs to have oxidation potentials that are slightly
higher than the equilibrium potential of Li2O2 formation. Based on these criteria, the
chosen soluble catalyst was lithium iodide (LiI), with the catalyst reacting with the Li2O2
product in the following reactions:
2RM → 2RM+ + 2e-

(Rxn.2-15)

Li2O2 + 2RM+ → 2Li+ + O2 + 2RM

(Rxn.2-16)

where RM is the redox mediator, Rxn.2-14 details the oxidation of the RM, and
Rxn.2-15 details the oxidation of Li2O2 and reduction of RM+.
When charging, the iodide is oxidized on the electrode surface to iodine and
subsequently reacts with Li2O2 to produce Li+ and O2 gas. Evaluating the overpotential
that is present in Li-O2 cells, a comparison was made between CNT with no catalyst,
CNTs with platinum (Pt) catalyst, and CNTs with the LiI redox mediator; this comparison
found that overpotential for each type was 1.5 V, 0.5 V, and 0.25 V, respectively. This
polarization was similar between two different types of lithium salt: LiPF6 and LiTFSI. The
most interesting aspect to this, however, is that the overpotential with the LiI catalyst is
nearly identical to the theoretical reaction potential of I2. Because of this, the
cycleability/lifetime of these cells was significantly improved. With charge rates of 2000
mA/g, and a capacity cut-off at 1000 mAh/g, the lifecycles of CNT, Pt-CNT, and LiI-CNT
were 90, 170, and 900 cycles, respectively. Note that the capacities of all the cells were
normalized to the mass of the CNT fibril electrode. For the LiI-CNT cells, even when the
discharge depth was increased to 3000 mAh/g, the lifetime was still higher than the other
cells at 300 cycles. However, one critical issue with these cells is that the electrolyte and
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lithium anode are not stable and undesirable side products such as Li 2CO3 and LiOH
formed on the cathode surface that eventually lead to cell failure. Similar to the previous
research, development of stable electrolytes are a key issue to overcome performance
barriers [60].
While theoretically rivaling the internal combustion engine in terms of energy and
power density, there is still a lot of work that needs to be completed to realize a
commercially viable Li-O2 battery with regards to synergy between anode, cathode, and
electrolyte components. When searching Web of Science using the keywords “Lithiumair batteries” the number of research articles has dwindled in recent years as seen in
Figure 2.6.

Figure 2.6. Number of publications for Li-O2 batteries in the past 20 years.
Because of the persistent issues, researchers are investigating other lithium-based
battery chemistries, such as Li-S batteries, which are more realized as a Li-ion alternative.
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2.3.2 Lithium-Sulfur Batteries
While there are still many issues that hinder the advancement of Li-O2 batteries,
Li-S batteries have seen success as Li-ion alternatives with a theoretical capacity 3-5
times higher than state-of-the-art Li-ion batteries at 1675 Ah/kg [61]. Also, while the
materials used in Li-ion batteries are less, a key advantage of this battery chemistry is
that sulfur is less expensive and has an abundance in the earth’s crust, rivaling the
transition metals common in today’s Li-ion battery technology [37]. The general chemistry
involved at the anode and cathode are shown in the following reactions [62]:
Anode: 16Li ↔ 16Li+ + 16e-

(Rxn.2-17)

Cathode: S8 + 16Li+ + 16e- ↔ 8Li2S

(Rxn.2-18)

Overall: 16Li + S8 ↔ 8Li2S (E0 = 2.15 V vs Li/Li+)

(Rxn.2-19)

Even though the overall reactions detailed above are shown in a single step, the
actual chemical reactions involved during charging and discharging have multiple steps
with several intermediate products as shown in Figure 2.7 [63].
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Figure 2.7. Schematic of the discharge process in a rechargeable Li-S cell consisting of
a lithium anode, organic electrolyte, and sulfur composite cathode.
Figure 2.7 shows that during discharge, the sulfur, which is insoluble in the
electrolyte, is followed by several soluble polysulfide intermediates before reaching the
total discharge product. This sequencing can be seen in the discharge profiles of Li-S
batteries, as shown in Figure 2.8 [11].
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Figure 2.8. Typical discharge/charge voltage curves of Li-S cells at constant current rate
showing 4 distinct regions in the discharge curve.
The profile in Figure 2.8 shows several plateaus which correspond to the formation
of the several intermediate products described above. In general, the plateaued regions
can be broken into 4 steps [64, 65]:
•

Step 1 between 2.5 and 2.3 V details the solid-liquid two phase reduction of sulfur
(S8) to Li2S8, which is highly soluble in liquid organic electrolytes.

•

Step 2 between 2.3 and 2.1 V details the liquid-liquid single-phase reduction of the
dissolved Li2S8 to Li2S6 and Li2S4. This reduction increases the viscosity of the
solution, reaching its maximum at the end of the voltage window of the region.

•

Step 3 between 2.1 and 1.9 V details a liquid-solid two-phase reaction in which the
dissolved polysulfides Li2S6 and Li2S4 are reduced further to Li2S2. This phase
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change contributes the greatest amount to the overall capacity of the battery and
generates insoluble Li2S2 compounds.
•

Step 4 between 1.9 V and cut-off voltage is a solid-solid reduction from the
insoluble Li2S2 to Li2S. This step suffers from the non-conductive and insoluble
natures of Li2S2 and Li2S which increases the polarization of the battery and is
generally kinetically slow.
While promising, Li-S batteries still suffers from large capacity fading, low

coulombic efficiency, low potentials, and low conductivity. These issues are addressed
into three separate categories, including:
•

Reactions with the lithium anode,

•

Reactions and solubility issues with various electrolyte solvents, and

•

Reactions and loss of active material from the sulfur cathode
In general, the underlying problem with Li-S batteries as it relates to researchers

attempting to solve the three issues mentioned above is being the polysulfide redox
shuttling effect. This effect occurs when soluble polysulfide intermediates produced in
Steps 1 and 2, dissolve in the electrolyte and make their way across to the anode from
the cathode, and results in low Coulombic efficiency and fast self-discharge rates. Before
addressing these issues, a brief overview of Li-S battery research is detailed in Table 2.4.
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Table 2.4. Brief overview of Li-S batteries.
Cathode
Sulfur-graphene oxide
core-shell particles
Sulfur-nitrogen-doped
graphene
Polymer-encapsulated
hollow sulfur
nanospheres
Sulfur-hollow
polyaniline sphere
Encapsulating
monoclinic sulfur
within carbon
nanotubes
Sulfur-graphene
nanosheets
Graphene/PEGwrapped sulfur
Nafion-coated FGSS
Sulfurpolyacrylonitirlegraphene composite
CTAB-coated sulfurgraphene oxide
composite

Sulfur
Specific Capacity
Content (%)
(mAh/g)

Capacity
Retention (%)

Charge Rate

Cycle Number

40

800

88.9

0.6C

1000

60

347

44

2C

2000

49

535

54

0.5C

1000

50

602

50.2

0.5C

1000

81

863

75.8

5C

1000

18

600

NR

0.03C

40

56

550

NR

0.5C

140

57

960

NR

0.1C

100

38

1200

NR

0.1C

50

56

740

NR

0.02C

1500
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Like Li-O2 batteries, Li dendrite formation is a problem that causes concern,
however with Li-S batteries dendrite formation is not as severe as the polysulfides can
react with the lithium dendrites. However, these reactions leave a rough morphology onto
the surface of the lithium anode, which is highly reactive to electrolyte solvents that can
cause a passivating layer onto the lithium surface as well as other gaseous products. This
passivating layer leads to poor rate capabilities and lower Coulombic efficiencies.
Additionally, the reactions between lithium metal and the dissolved polysulfides can lead
to thermal runaways at higher temperatures compromising the safety of the battery. To
combat this, a protection layer has been proposed as a solution that is chemically stable
to polysulfides and lithium, insoluble in the electrolyte, and highly conductive. To do this,
researchers have proposed using a physical barrier layer, gel polymer electrolyte, and
pre-passivation of the anode oxidative compounds and inorganic acids [64, 66, 67]. One
recent success has been to sputter coat the lithium metal with platinum to create a lithiummetal alloy that achieved a specific capacity of 750 mAh/g after 90 cycles [68].
The electrolyte used in Li-S batteries is also of concern as polysulfide anions and
radical derivatives of these anions can undergo nucleophilic, redox, radical, and basic
reactions with most electrolyte solvents including carbonates (common in lithium-ion
batteries) and esters [69, 70]. For these reasons, Li-S batteries use linear and cyclic
ethers such as dimethyl ether (DME) and 1,3-dioxolane (DOL) as electrolyte solvents. A
combination of these solvents has a synergistic effect leading to high capacities and
capacity retention as the DME more readily has higher polysulfide solubility and faster
reaction kinetics and DOL offers a stable SEI layer on the lithium surface [64]. Also, the
lithium salt that is used in the electrolyte is limited as common Li-ion battery salts can
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undergo side reactions with the polysulfides resulting in lithium sulfonated fluoride and
lithium fluoride compounds. Furthermore, the common Li-ion salts can cause ringopening polymerization with DOL due to their Lewis acid properties [71]. As a result,
researchers have found that LiSO3CF3 and LiN(SO2CF3)2 have been better suited for
lithium-sulfur batteries because they provide high ionic conductivity and are less corrosive
to the aluminum current collector [72]. The only drawback is that these salts, because of
their size, increase the viscosity of the electrolyte. To improve upon this electrolyte,
researchers have found that the addition of lithium nitrate (LiNO3) can help to inhibit
polysulfide shuttling resulting in efficiencies of over 99% [64, 69]. Further improvements
to the electrolyte have been explored by other researchers. In one example, Choi et al.
added various amounts of toluene (2.5-10 vol.%) to the chosen electrolyte of 1M lithium
trifluoromethanesulfonate (LiCF3SO3) in TEGDME. The sulfur cathode consisted of
60:20:10 wt.% sulfur, acetylene black, and PVDF that was cast onto aluminum current
collector. It was found that a 5 vol.% addition of toluene increased the initial discharge
capacity to 750 mAh/g-sulfur, which was 1.8x higher than without the addition.
Furthermore, it was found that the toluene addition reduced the interfacial resistance,
leading to better performance. It is speculated that the toluene forms a thin, stable,
porous, and conducting interface that reduces the solubility of polysulfides, preventing
them from dissolving into the bulk of the electrolyte [73].
Lastly, the sulfur cathode is the primary source of issues that plague lithium-sulfur
batteries as there are concerns with regards to the sulfur-rich electrode, aluminum current
collector, and the binder. To maintain high energy densities, cathodes should be primarily
sulfur based with its content being at least 70 wt.% [64]. Because sulfur and its related
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species are non-conductive, this creates a challenge to either add conducting agents to
the electrolyte and/or the cathode itself to help reduce the impedance within the battery
and increase capacity and cyclability. The cathode also needs to be highly porous as to
account for the ~80% volumetric change from the reduction of S 8 to Li2S [74]. This
volumetric expansion can effectively cause the electrodes to crack and separate from the
current collector which will reduce the capacity of the battery. Because of the volumetric
change, the binder also needs to account for this by being porous. The binders typically
used in Li-ion technology such as poly(tetrafluoroethylene) (PTFE) and PVDF are used
to hold the active materials together and bind them to the current collector, but with Li-S
batteries, because the structure and morphology changes, these binders cannot hold the
active material, mainly the polysulfides. These binders effectively become “dead” sites for
electrochemical reactions, and can negatively affect cell performance [62]. Addressing
this issue, researchers have investigated inswellable binders that are water-soluble, but
insoluble

in

organic

liquid

electrolytes.

For

instance

poly(acrylamide-co-

diallyldimethylammonium chloride) (AMAC), which is insoluble in organic electrolyte, is
unaffected by polysulfide dissolution and deposition of the final Li2S2 and Li2S products.
However, this binder reacts with aluminum current collectors, but this can be easily
mitigated by using a carbon coated aluminum current collector. Zhang compared this
binder to poly(ethylene oxide) (PEO) and created carbon/sulfur cathodes with a sulfur
loading of 72%. The electrolyte was a solution consisting of 0.25M LiSO3CF3 and 0.25M
LiNO3 dissolved in a 1:1 (wt.%) mixture of DOL and DME. To mitigate aluminum
corrosion, the electrode sulfur-AMAC composite was coated onto the substrate using
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another binder and organic solvent. From the cycling performance, the AMAC binder was
able to maintain a 568 mAh/g-sulfur capacity after 107 cycles at a 0.5C charge rate [75].
To address the sulfur content and conductivity, researchers have investigated
various sulfur-carbon composites that has adsorbed sulfur into the meso- and micropores
of the carbon such as carbon black, carbon nanofibers, graphene, and carbon nanotubes
[64]. Jayaprakash et al. synthesized carbon spheres by coating silica with petroleum
pitch, carbonizing them at 1300 °C for 12 hrs, and dissolving the silica with hydrofluoric
(HF) acid. The cathodes were created by mixing 92.5% of the sulfur-carbon sphere
composite (consisting of 70% sulfur to 30% carbon spheres) with 7.5% PVDF binder. The
electrolyte consisted of 1M lithium bis(trifluoromethanesulfone)imide (LiTFSI) in
tetraglyme. It was found for the sulfur-carbon spheres that after an initial capacity of 1071
mAh/g, a 974 mAh/g capacity was maintained after 100 cycles at a charge rate of 0.5C.
These results are attributed to the sequestration of elemental sulfur in the carbon spheres,
limiting polysulfide dissolution, and enhancing the electron transport [76]. Other
researchers have looked at trapping the polysulfides within the cathode using metal
oxides such as Al2O3, SiO2, and TiO2 [64, 77]. Evers et al. synthesized a carbon material
containing mesoporous carbon and TiO2 that was then impregnated by sulfur. The
resulting composite was made into an electrode with 10 wt.% carbon black and 10 wt.%
PVDF binder. The electrolyte used in this work was 1.0M LiTFSI in a 1:1 vol.% mixture of
DOL and DME solvents. From this work, it was found that with a 3.6 wt.% addition TiO2
to the cathode, the capacity was 37% higher than those without the metal oxide after 100
cycles and attained a 750 mAh/g-sulfur capacity after 200 cycles at 1C charge rate [78].
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Unlike Li-O2 batteries, Li-S batteries are still being investigated to a greater extent
these days as shown in Figure 2.9 when doing a Web of Science survey on the number
of publications containing the keywords “Lithium-sulfur batteries”.

Figure 2.9. Number of publications for Li-S batteries in the past 20 years.
However, despite the considerable improvements achieved, further efforts
addressing the polysulfide shuttling effect as well as maintaining high capacity, high
cyclability, low capacity fading, and electrodes with greater sulfur content, need to be
addressed before Li-S chemistry can be successfully employed into commercialized
batteries. With regards to these concerns, halogen-based batteries have been identified
as viable alternatives.
2.4 Lithium-Halogen Batteries
As discussed in Chapter 1, halogens are highly oxidizing agents with small atomic
sizes/masses that can increase the energy and power density of batteries. In order to
48

realize a Li-Br2 battery, it’s necessary to understand the work of I2 and Br2 based battery
types. This section will cover primary and secondary Li-I2 batteries, Zn-Br2 redox flow
batteries, and finally the earliest article discussing Li-Br2 secondary batteries. Figure 2.10
shows the results of a Web of Science survey on the number of publications containing
the keywords “Lithium-iodine batteries” and “Lithium-bromine batteries”.

Figure 2.10. Number of publications for Li-I2 and Li-Br2 batteries in the past 20 years.
As seen in Figure 2.10, lithium-halogen batteries have not been investigated to the
extent of Li-O2 and Li-S batteries and provide a significant pathway into new research
frontiers.
2.4.1 Primary Lithium-Iodine Batteries
Of the battery technology that uses halogen materials, Li-I2 has seen the most
success with commercialization as this chemistry has been used to power cardiac
pacemakers since 1972, with over 3 million pacemakers implanted into patients. The
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characteristics that make this battery source a success in pacemaker applications is that
the self-discharge rate is low, resulting in lifetimes around 10 years, no gas generation
for obvious safety concerns, corrosion resistance, and a stable voltage throughout its
lifetime with gradual depletion towards end-of-life allowing for very accurate replacement
predictions [79]. The standard reactions in this pacemaker battery are shown below:
Anode: Li → Li+ + e-

(Rxn.2-20)

Cathode: I2 + 2e- → 2I-

(Rxn.2-21)

Overall: 2Li + I2 → 2LiI (E0 = 2.8 V vs. Li/Li+)

(Rxn.2-22)

The battery is composed of a mixture of I2 and poly-2-vinyl pyridine (P2VP) that
has been mixed and heated at 149 °C for 3 days to yield a viscous black paste. Each
component by itself does not conduct electricity, but this heating and mixing allows for
electrical conductivity. The molten paste is then poured onto the lithium anode and cools
to form a solid cathode. During the pouring, a monolayer of LiI crystals forms onto the
anode surface, which acts as a solid electrolyte layer that allows the passage of Li+, but
not I2. However, this layer lowers ionic conductivity and, as discharging occurs, this layer
grows in thickness, increasing the internal resistance in the cell that also lowers the
capacity and power of the cell [80]. It should also be noted that these types of cells are
non-rechargeable. To increase the lifetime and utilize the theoretical capacity of Li-I2 cells
(211 mAh/g-I2), researchers have explored rechargeable systems utilizing the I 2/I- redox
couple.
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2.4.2 Secondary Lithium-Iodine Batteries
Zhao et al. describe a Li-I2 battery using an aqueous cathode consisting of 0.08M
I2, 1M Ki, and 0.03M LiI, an LATP solid electrolyte separator, and lithium metal anode.
The working chemistry in this battery is shown below:
Anode: Li ↔ Li+ + e-

(Rxn.2-23)

Cathode: I3- + 2e- ↔ 3I-

(Rxn.2-24)

Overall: 2Li + I3- ↔ 2Li+ + 3I- (E0 = 3.57 V vs. Li/Li+)

(Rxn.2-25)

In this work, the LiI was added to increase the conductivity of the battery, as the
CE without the addition of the lithium salt was around 80%, but the addition increased the
CE to 99.7%. The cells show excellent performance as when cycled at a rate of 2.5
mA/cm2 (based on the size of the current collector), they maintained a CE between 99.5100% for 100 cycles and attainted a specific capacity of 207 mAh/g-I2. These results were
attributed to the fact that the redox couple leaves no solid products that can lead to volume
expansion degrading cell performance [81]. Although these results are great, the use of
solid electrolytes is expensive, have low ionic conductivity, and because of their brittle
nature can easily crack causing cell failure. Therefore, others have explored Li-I2 batteries
using conventional Li-ion technology materials to reduce the cost.
Wang et al. constructed a Li-I2 cell cathode using an iodine-conductive carbon
black active material. This material was created by heat treating iodine and conductive
carbon black in a tube furnace at 800 °C for 1 hr. The resulting composite was made into
a cathode by combining it with PTFE and acetylene black at an 80:10:10 wt.% ratio. The
resulting cathode was found to be 24 wt.% I2. Lithium metal was used as an anode, a
polypropylene membrane served as the separator, and the electrolyte consisted of 1 M
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LiPF6 in a mixture of EC:DMC:EMC (1:1:1 vol.%). Cycling performance of the cells
revealed that at a 2C charge rate, the Coulombic efficiency was low (80%), but gradually
increased to 92% in 10 cycles. This was attributed to the slow penetration of electrolyte
into the pores of the cathode materials and the fact that I2 and LiI were partially dissolved
in the organic electrolyte, leading to capacity losses of 50 mAh/g-I2 in the initial 10 cycles.
However, increasing charge rates from 2C up to 50C with 20 cycles per charge rate
showed no obvious capacity losses suggesting excellent rate capabilities. Overall, the
cells displayed an average energy and power density of 91.4 Wh/kg and 11.9 kW/kg
based on the mass of the cathode [82].
Most important to this study, especially moving forward with other halogen-based
batteries that deviate from the ceramic separators, is that the halogen needs to be
captured within the electrode to maximize efficiency and minimize capacity losses.
2.4.3 Aqueous Zinc-Bromine Redox Flow Batteries
The bromine/bromide (Br2/Br-) redox couple has been used in aqueous flow
batteries including the zinc bromine (Zn-Br2) cells and vanadium bromine (V-Br2) cells for
several decades. With the Zn-Br2 redox flow battery, the Br2/Br- couple is considered
highly stable and high cycle lifetimes have been demonstrated with theoretical energy
densities of 440 Wh/kg [4, 83, 84].
Compared to the other battery types discussed in this chapter, Zn-Br2 batteries differ in
that they are redox flow batteries (RFBs). In typical RFBs, the anode and cathode are
liquids (referred to as anolyte and catholyte) and are circulated from storage tanks by
pumps to the battery that uses carbon-based or bipolar electrodes to reduce weight,
volume, and cost. The two electrolytes are separated by an ion exchange membrane that
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allows ion transport while preventing the mixing of the two electrolytes, as shown in Figure
2.11 [4].

Figure 2.11. A schematic diagram of a redox flow battery showing anolyte and catholyte
pumped into the battery system and the ion exchange membrane.
Applications for RFBs require high currents and voltages, which is achieved by
either stacking various cells in series (for high voltages) or in parallel (for high currents).
Compared to lead-acid batteries, RFBs have advantages including cost, mobility, and
performance.
The general chemistry involved at the anode and cathode are shown in the
following reactions [83]:
Anode: Zn2+ + 2e- ↔ Zn

(Rxn.2-26)

Cathode: 2Br- ↔ Br2 + 2e-

(Rxn.2-27)

Overall: Zn2+ + 2Br- ↔ Zn + Br2 (E0 = 1.82 V vs. SHE)

(Rxn.2-28)

During charging, Zn is deposited on the negative electrode, while bromide ions are
oxidized to Br2 at the positive electrode. While the theoretical energy density is 440
Wh/kg, the practical energy density is between 65-75 Wh/kg. The disparity between the
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theoretical and practical energy densities can be attributed to dendrite formation during
charging, material corrosion, high self-discharge rates, and low energy efficiency [84].
During charging, zinc is generally deposited onto the carbon anode that, like with
Li-ion, Li-O2, and Li-S batteries, can lead to dendrite growth that can puncture through
the ion exchange membrane and short-circuit the battery. Br2 is a highly toxic and
corrosive material that, upon formation, can corrode the positive electrode. Additionally,
the bromide ions can migrate to the zinc compartment, which causes high rates of selfdischarge that significantly reduces the capacity and lifetime of the battery. Furthermore,
because the Zn/Zn2+ redox couple has faster reaction kinetics than Br2/Br- couple, this
causes an increase of polarization in the system which eventually leads to battery failure.
To combat the dendrite formation, researchers have studied using additives to the
electrolyte. Wu et al. used a 1M methanesulfonic acid supporting electrolyte which was
found to enable the Zn-Br2 cell to charge/discharge for 50 cycles without degradation of
the zinc electrode surface. This addition also improved the energy efficiency from 64% to
75% at a 40 mA/cm2 current density [85].
To reduce the migration of polybromide ions to the zinc compartment, quaternary
ammonium complexing agents are used such as N-methyl-N-ethyl-morpholinium bromide
and

N-methyl-N-ethyl-pyrrolidinium

bromide.

These

agents

form

higher order

polybromide emulsions that are insoluble in water, forming an oily-like phase that limits
diffusion and is then circulated out of the battery system. An added bonus to the use of
complexing agents is the reduction of forming elemental bromine which corrodes the
carbon cathode. To overcome the performance issues due to polarization, high surface
area carbon electrodes are used to adsorb bromine [83, 86].
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Because of the research devoted to zinc-bromine batteries, they have been used
commercially since the 1970s with advantages including a high degree of reversibility,
abundance low cost reactants, and high energy efficiencies up to 80% [84].
2.4.4 Secondary Lithium-Bromine Battery
In 1974 Weininger and Secor developed a nonaqueous, secondary Li-Br2 cell
comprised of a lithium metal anode coated with a Ni foam protective layer, an electrolyte
of 0.2M LiBr and 0.8M lithium perchlorate (LiClO4) salt dissolved in PC, and ultrafine
porous polyethylene separator, a nonaqueous catholyte of 1.5M Br 2 and 1.6M LiBr
dissolved in PC, and a positive electrode from porous carbon. This general chemistry
involved at the anode and cathode of this cell is described in the following reactions:
Li ↔ Li+ + e- (E0 = -2.67 V vs. Ag/AgBr)

(Rxn.2-29)

Br3- + 2e- ↔ 3Br- (E0 = 1.15 V vs. Ag/AgBr)

(Rxn.2-30)

2Li + Br3- ↔ 2Li+ + 3Br- (E0 = 3.82 V vs. Ag/AgBr)

(Rxn.2-31)

In this study, the concentration of Br2 was kept lower than LiBr in the cathode
chamber in order to ensure that the Br2 would be complexed into Br3-, while the porous
separator would help facilitate Br- and Li+ shuttling between the electrodes, but also limit
the shuttling of Br2 and Br3-. Constant current tests were performed on the cells in 90minute cycling intervals broken into 60:30, 42:48, and 48:42 charge to discharge time
rates utilizing currents ranging from 30-100 mA. From these experiments, it was found
that the Coulombic efficiency was approximately 90% for cycles 0-100, 70% for
cycles 100-300, and 30% for cycles 300-1785. By the time cycle 1785 was reached, the
cells were in continuous charge-discharge operation for over 4 months. It was concluded
that the ultrafine porous separator assisted in the lessening of Br2 diffusion to the lithium
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electrode, and the long cell life was achieved due to the Br - shuttle. However, the
mechanisms for the electrochemical reactions was not elucidated and a study focused
specifically on the capacity/energy density was never completed [87].
Overall, the studies from Li-I2, Zn-Br2, and Li-Br2 batteries give an excellent
foundation for the direction of Li-Br2 batteries, leading researchers to explore their
implementation. As it stands, Li-Br2 batteries have not been widely explored until recently,
and there are still only a handful of articles related to this type of battery chemistry. A
review of the current state of Li-Br2 batteries is discussed further in the introduction
section of Chapter 4.
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CHAPTER 3. METHODOLOGY AND EXPERIMENTAL METHODS
3.1 Introduction
The main purpose of this thesis is to develop a nonaqueous, secondary Li-Br2
battery with high energy and power density and high Coulombic efficiencies. This chapter
serves to describe the methodology to accomplish this purpose and detail the
experiments that will be seen in Chapters 4 and 5. Emphasis will be focused on the
construction of coin cells, a brief summary of the experiments, experimental set-up, and
equations for the analysis of results. Following the introduction, this chapter consists of
three sections: Section 3.2 details the procedures used to create coin cells for
electrochemical analysis, including the preparation of ink slurries to make positive
electrodes and the preparation of carbon coated glass fiber separators, Section 3.3
details the materials analysis of the electrodes and powders, focusing on the background
into each experiment, the experimental set-up, and any calculations/analysis for each
experiment, and Section 3.4 details the electrochemical analysis and is organized like the
previous section.
The bromination and carbonization of materials will be discussed in each according
chapter. Figure 3.1 gives an overview of the experimental processes in Chapter 4 (Figure
3.1a) and Chapter 5 (Figure 3.1b).
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Figure 3.1. Flowchart of the research conducted in a.) Chapter 4 and b.) Chapter 5.
In Chapter 4, untreated and brominated activated carbon was analyzed with
porosimetry to determine the overall Brunauer-Emmett-Teller (BET) surface area and
pore size distribution. Two types of electrodes were prepared with the active material
consisting of the untreated activated carbon and the brominated activated carbon. The
brominated version of the electrode was then analyzed using Scanning Electron
Microscopy with X-ray Dispersive Spectroscopy (SEM-EDS) and X-ray Photoelectron
Spectroscopy (XPS) to determine the amount and distribution of bromine in the electrode
as well as to determine the chemical bonds present in the electrode. After this, coin cells
were constructed and electrochemical analysis consisting of cyclic voltammetry (CV) and
galvanostatic cycling, and electrochemical impedance spectroscopy (EIS).
In Chapter 5, three types of metal-organic frameworks (MOFs) with various pore
sizes and surface areas were selected to be carbonized and subsequently brominated
with lithium bromide salt; these brominated materials were then used to create positive
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electrodes. The carbonized and brominated forms of the powders were analyzed using
porosimetry, SEM-EDS, and XPS to show surface area and pore size distribution and to
calculate the amount of lithium-bromide in the pores of the material for normalization of
the cycling results. After, electrodes were prepared from the brominated samples and
their electrochemical behaviors were studied by CV, galvanostatic cycling, and EIS.
3.2 Coin Cell Preparation and Construction
In order to make the positive electrodes necessary for electrochemical analysis,
ink slurries were prepared and coated onto a conductive, Toray carbon paper substrate.
Toray carbon paper, commonly used in fuel cells, was the chosen substrate because the
brominated inks etched aluminum foil, which is a standard current collector in lithium-ion
batteries. The ink slurries consisted of the active carbon material, a conductive carbon
black, and polyvinylidene fluoride (PVDF) binder. In Chapter 4, the active materials used
were untreated activated carbon and brominated activated carbon. In Chapter 5, the
active materials were brominated carbonized MOFs. The process used to make the
positive electrodes was similar in both chapters.
First, the PVDF binder (10 wt.%) was dissolved in 4 mL N-methylpyrrolidone
(NMP) and mixed for 1 hour to ensure complete dissolution. Next, 10 wt.% of SuperC45
carbon black (Timcal) was added and mixed for 30 minutes, then the active material (80
wt.%) was added, and the slurry was thoroughly mixed for 1.5 hours. Once mixed, the
slurry was then cast with a doctor blade onto the current collector; in Chapter 4, the height
of the doctor blade was set to 30 µm, while in Chapter 5, the height was set to 15 µm.
The reduction of coating thickness between Chapters 4 and 5 is because thicker coatings
with the MOF material resulted in cracking on the electrode surface that would alter
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electrochemical performances. The wet electrodes were then dried for overnight at 100
°C in an oven. After drying, 1/2” discs were punched out of the electrode for use as the
working electrode/cathode. This resulted in an average electrode mass loading of
~8g/cm2 and ~4 mg/cm2 in Chapters 4 and 5, respectively. This process is detailed in
Figure 3.2.

Figure 3.2. Detailed visual process for Li-Br2 cathode preparation.
2032 Type half-cell coin cells (MTI Corp.) were fabricated in an argon-filled glove
box (with O2 and H2O levels < 10 ppm). The difference between half-cells and full cells is
that half-cells typically have one electrode where the formal redox potential is known, and
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the masses for each electrode are not balanced, meaning that the counter electrode is
larger than the working electrode so that all electrochemical reactions are limited by the
working electrode. The cells consisted of the carbon positive electrodes, a lithium metal
(MTI Corp.) negative electrode, an electrolyte, and a carbon-coated glass fiber (CCGF)
separator, with slight differences in the electrolyte formulation between Chapters 4 and
5, as shown in Figure 3.3.

Figure 3.3. Schematic of Li-Br2 battery for a.) Chapter 4 and b.) Chapter 5. The inset
shows the back and front side of the CCGF separator.
To suppress bromine/polybromide crossover, similar to the polysulfide shuttle
effect seen in lithium-sulfur (Li-S) batteries, appropriate electrolytes and a separator were
needed that would not only separate bromide ions from the lithium metal, but also be a
cost-effective alternative to the brittle ceramic metal oxides (NASICON, LISICON, LATP)
that have been proposed for advanced lithium-based battery technologies. Xi et al. and
Zhu et al. detail carbon coated separators used in their Li-Br2 and Li-S battery studies,
which combine the adsorptive properties and conductivity of expanded graphite, activated
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carbon, and/or conductive carbon black to suppress bromine and polysulfide crossover
[88, 89].
To suppress the shuttling effect of bromine-type species, a CCFG separator was
created using PVDF binder, battery-grade graphite (MTI Corp.), and activated carbon.
Glass fiber (Advantec) was chosen because it has a higher wettability than traditional
polymer-based separators used in Li-ion technology, which facilitates rapid ionic transport
and increases ionic conductivity, higher thermal stability than polymer-based separators,
for improved safety, preliminary studies showed that this carbon matrix did not adhere
well to the traditional polymer-based separators [90].
To create these separators, 20 wt.% PVDF binder was dissolved in NMP and was
stirred until dissolved. After, 40 wt.% graphite was added and stirred for 30 minutes before
adding 40 wt.% activated carbon and stirring for 1.5 hours. A 20 µm film was cast with
the same screen-print method used for the working electrode/cathode onto the separator.
The coated separator was then dried at 100 °C in an oven overnight. After drying, a 3/8”
diameter disc was punched; the larger size, comparative to the working electrode and
lithium metal, safeguards the lithium metal from the brominated cathode and brominated
electrolyte side.
Wang et al. compared the saturation concentration of lithium bromide salt in
traditional Li-ion carbonate-based electrolyte to the Li-S ether-based electrolyte using ion
chromatography and found that lithium bromide more readily dissolves in the carbonatebased electrolytes (93.3 g/L vs. 66.2 g/L) [91]. Because of this, and the concern for
formation of larger polybromide networks and subsequent shuttling, the electrolyte
chosen for these studies consisted of a 1M bis(trifluoromethane)sulfonimide lithium
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(LiTFSI) salt dissolved in a 1:1 vol% solvent mixture of 1,3-dioxolane (DOL) and
tetra(ethylene glycol) dimethyl ether (TEGDME). This electrolyte is used because it has
high conductivity, as the TEGDME readily solvates LiTFSI, while DOL reduces the
viscosity [92]. As mentioned previously, the noticeable difference between Chapters 4
and 5 is the electrolyte, in which Chapter 4 adds a 1M lithium bromide salt to the positive
electrode side, while Chapter 5 omits the salt.
In both chapters, the lithium metal anode was separated from the active material
cathode using the CCFG separator, with the carbon side facing the cathode. The anode
was coated in the base electrolyte, while 30 µL of either the brominated base electrolyte
or plain base electrolyte was used.
3.3 Cathode Material Analysis
3.3.1 X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) is a surface analytical technique that
provides a wide range of information regarding atomic composition, oxidation states, and
chemical structures. This is a surface sensitive technique which only penetrates the
surface up to 10 nm and can identify all elements except hydrogen and helium. XPS
excites a samples surface with mono-energetic Mg kα or Al kα x-rays emitting
photoelectrons from the sample surface, as shown in Figure 3.4.
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Figure 3.4. Schematic of XPS analyzer and an illustration of an XPS energy diagram.
This excitation causes electrons to be ejected from their shell with a specific energy
that is related to the binding energy (BE) of the electron at the atom. Because the electron
is ejected, there is another process that occurs when an electron from the valence shell
fills the unstable hole created from the ejection of the core electron. This filling causes an
Auger electron to be emitted that is, again, directly related to the binding energy of the
electron to the atom. The binding energy is calculated by the following Equation:
KE = hν – BE – φ

(Eq.3-1)

where KE is the kinetic energy that is measured in the XPS spectrometer, hν is the
photon energy from the x-ray source, and φ is the spectrometer work function that is found
through calibration. With these parameters, the BE is known for a specific element with
the understanding that there will be chemical shifts which is a change in the binding
energy of a core electron due to a change in the chemical bonding of the element.
Withdrawal of valence electrons will cause and increase in the binding energy, while an
addition of valence electrons will decrease the binding energy. Through this
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understanding and with the help of standards from databases, the types of bonding in the
sample can be determined [93-95].
3.3.2 Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)
Scanning Electron Microscopy (SEM) is performed to get visualization of the
samples. High energy electrons bombard the sample surface, which knocks out electrons
that are counted by a detector; these electrons are known as secondary electrons. These
secondary electrons have low energy that are easily stopped, making the analysis
sensitive to topography [96].
To better understand the bulk concentration of bromine in the electrodes, Scanning
Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX) is used. In
SEM-EDX, atoms are ionized by the primary electron beam causing holes to generate on
the core shell, which are then filled by electrons from outer shells relaxing to fill the void
by the ejection of electrons. This relaxation emits X-ray fluorescence lines that is unique
to each element from the periodic table, as shown in Figure 3.5.
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Figure 3.5. Schematic of the working principles for SEM-EDS analysis.
As shown in Figure 3.5, when electron in the K line is ejected by the x-ray source,
an electron from the L line drops in energy to fill the void, causing an x-ray fluorescence
(K x-ray) to be emitted. The benefits of using this technique are the depth of analysis of
several micrometers, observation of surface morphology, and elemental mapping with
chemical overlay to better understand the compositional makeup of the electrode.
While SEM-EDX is a useful technique, one issue is that it is not a particularly
sensitive technique in that it is difficult to observe the concentrations of elements up to
lithium and beryllium. However, in combination with XPS, the concentration and types of
bonding can give a lot of information about the sample being tested.
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3.3.3 Porosimetry
Adsorption is the adhesion of atoms, ions, or molecules from a gas, liquid, or
dissolved solids to a surface; adsorption can occur one of two ways: 1. physisorption, in
which, there is no formation of chemical bonds, and 2. chemisorption, which forms
chemical bonds through electron charge transfer reactions [97, 98]. During adsorption,
nitrogen gas (adsorbate) is physically adsorbed onto the surface of the material
(adsorbent) by weak bonds (van der Waals forces) and can be desorbed by a decrease
in pressure at the same temperature [97, 98].
To determine the surface area, samples are degassed by applying heat and
vacuum to remove water and carbon dioxide contaminants from exposure to the
atmosphere. The solid is then cooled, under vacuum, with liquid nitrogen (77 K, -195 °C).
In controlled increments, the adsorbate, nitrogen gas, is dosed to the solid, allowing the
pressure to equilibrate and the quantity adsorbed is calculated. A monolayer of molecules
is formed as the pressure increases. Once formed, multi-layer coverage occurs until the
sample is completely covered, noting that small pores will fill first [97, 98].
From this adsorption and desorption process, curves (isotherms) are formed that
can give an idea into the types of material that is being measured, which are classified
into 6 types by IUPAC, described below [97]:
I.

Microporous materials

II.

Non-porous materials

III.

Non-porous materials and materials with weak interaction between the
adsorbate and adsorbent
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IV.

Mesoporous materials

V.

Porous materials and materials that have weak interaction between the
adsorbate and adsorbent

VI.

Homogeneous surface materials
Other information that is given in porosimetry is the BET surface area, pore

volumes, and the overall pore size distribution of micro-, meso-, and macropores, which
denote sizes that are <2 nm, 2-50 nm, and >50 nm, respectively [97, 98].
3.3.4 Materials Methods and Analysis
The positive electrodes and brominated carbonized MOF powders (Chapter 4 and
5, respectively) were analyzed a Kratos AXIS 165 XPS/SAM spectrometer for XPS
measurements, while SEM-EDS was completed using a JSM -6610 LV Scanning Electron
Microscope.
In Chapter 4, the XPS specifically focused on the carbon C1s and bromine Br3d
peaks, while chemical mapping of the electrode surfaces was used to qualitatively
determine the degree of bromination of the positive electrodes.
In Chapter 5, the XPS analyzed several peaks, as they gave more information
about the types of bonding, since there are more components in the system from
carbonized MOFs than from activated carbon. Each species was scanned and then
deconvoluted to more precisely determine the types of bonds that are occurring in each
sample. To start, the spectra is normalized to the C1s C-C bond at 284.80 eV, which each
component is referenced from that point. Deconvolution of multiple components
especially in the 3d (between 3d5/2 and 3d3/2) and 2p (between 2p3/2 and 2p1/2) orbital is
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split by 1.05, 23, 0.44, and 19.75 eV for bromine, zinc, aluminum, and copper,
respectively.
Additionally, the types of bonds with regards to the bromine peaks were separated
depending on the types of brominated compounds, the most bromine components
equating to 2. Each bromine bond was found to have a specific atomic percentage which,
combined with the results of EDS, is necessary for accurately calculating the amount of
lithium bromide in the sample, since all cycling data was normalized to this amount. To
calculate the amount of lithium bromide in the sample, the following equations were used:
At. %x =

Wt.%x
At.Wt.x
Wt.%y
Wt.%x

+

× 100

(Eq.3-2)

At.Wt.x At. Wt.y

Wt. %x = (At.%

(At.%x )(At.Wt.x )

x )(At.Wt.x )+(At.%y )(At.Wt.y )

× 100

(Eq.3-3)

where At.% is the atomic percent of a specific element, Wt.% is the weight percent
of a specific element, and At. Wt. is the atomic weight of a specific element. From these
calculations, the mass of lithium bromide in a specific brominated carbonized MOF
sample was determined, as shown in Table 3.1.
Table 3.1. Mass calculation of LiBr in an LBC-M1 sample.
LBC-M1
Ink Components

Mass (g)

Electrode
Component

PVDF

0.1027

Toray Paper

Conductive Carbon Black
Active Material
Wt.% Active Material
Wt.% LiBr

0.1049
0.8063
79.52
22.65

Toray Paper + Ink
Ink
Active Material
LiBr

Mass (g)
0.02258
0.02730
0.00472
0.00375
0.00085

Table 3.1 details how the mass of lithium bromide within the pores of the
carbonized MOFs are calculated. First, it is essential to calculate the weight percent of
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active material (brominated carbonized MOFs) from the mass of each of the ink slurry
components. As mentioned previously, the slurry was around (80:10:10 wt.%) of active
material to binder to conductive carbon black. Several discs of fresh Toray paper were
weighed and averaged to determine a weight for the discs. Once the discs were coated
with the ink slurry and dried, discs of positive electrode material were punched, and their
weights were recorded and then subtracted from the Toray paper to give a mass of the
dried ink. From there, the mass was then multiplied by the weight percent of the active
material to give a mass of just the active material. The mixing was assumed to be
completely homogeneous to give this estimate. Finally, with the weight of active material
known and from the previous calculation based upon SEM-EDS and XPS data, the weight
of lithium bromide in was determined by multiplying by the weight percent of lithium
bromide for each of the MOF powders.
Brunauer-Emmett-Teller (BET) surface area measurements were carried out on
the carbon and brominated carbon powders with a volumetric sorption analyzer (ASAP
2020, Micromeritics) by the physical adsorption/desorption of nitrogen gas at liquid
nitrogen temperatures. After weighing the sample and tube, the sample is degassed to
20 μmHg and 200 °C. After cooling down and backfilling the sample, the new weight is
recorded and then the physical adsorption/desorption is completed using nitrogen gas at
the temperature of liquid nitrogen (77 K) from relative pressures (P/P0) 0.0025 to 0.99
then back to 0.0025. With the area covered by each adsorbed gas molecule known, the
surface area can be calculated with Equation 3-4 [98]:
p
⁄p0
p
𝐧(1− ⁄ 0 )
p

=𝐧

1
mC

C−1

+𝐧

mC

p
( ⁄p0 )

(Eq.3-4)
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where n is the specific amount adsorbed at the relative pressure p/p 0, nm is the
specific monolayer capacity, and C is a parameter that is exponentially related to the
energy of monolayer adsorption.
3.4 Electrochemical Analysis
3.4.1 Cyclic Voltammetry
Cyclic voltammetry is an electrochemical technique that by applies a linear
potential sweep (potential increasing or decreasing linearly with time) to the working
electrode. As the potential is swept past the formal potential, E°, of an analyte (back and
forth), a current flows through the electrode, oxidizing/reducing the analyte [99]. The
resultant current–voltage display is commonly referred to as the “voltammogram”, as
shown in Figure 3.6.

Figure 3.6. The triangular waveform applied to the cell and the resulting voltammogram.
From this, analysis of non-faradaic and faradaic responses can be conducted. The
non-faradaic process involves electrostatic force between charged ions and the electrode,
which is observed in electric double-layer capacitance (EDLC) [23]. During
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charging/discharging, no electrochemical reactions are observed, but two ideal double
charged layers are formed from the attachment of cations and anions from the electrolyte
to the electrode with an applied voltage [23]. According to Mamuru, when an
electrochemically active compound is present in the solution phase, an anodic current
peak at the potential Epa is detected with the peak current Ipa. When the potential is swept
back during the reverse scan a further current peak at the potential E pc may be observed
with a cathodic peak current Ipc [25]. This process is characterized by the Nernst Equation:
RT

Ox

E = E 0 + ( nF ) ln (Red)

(Eq.3-5)

where E is the electrochemical potential of a cell, E 0 is the standard potential of a
species, R is the universal gas constant, n is the number of electrons oxidized/reduced,
F is Faraday’s constant, T is the temperature, and Ox/Red is the relative activities of the
oxidized and reduced analyte.
Cyclic Voltammetry is both a popular and useful tool to examine electrochemical
behaviors because of its relative simplicity in experimental set-up and its high qualitative
and quantitative content. Information provided from this technique range from (i) the
potential at which oxidation or reduction processes occur, (ii) the number of electrons
involved, (iii) the oxidation state of the redox species, (iv) adsorption effects, (v) any/all
chemical processes associated with electron transfer, and (vi) the rate of electron transfer
[25].
3.4.2 Constant Current Cycling
There are two major ways to cycle batteries: by sweeping voltage or constant
current. According to Nordh, typical battery cycling employs what is referred to as
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galvanostatic battery cycling that uses constant current. This means that a constant
current is forced through the battery and the change in voltage is monitored. The
magnitude of the current is selected with regards to charge-rates (C-rates) [96]. A chargerate is the measure of the rate of the charge or discharge of the battery relative to its
capacity. For example, when applying a 1 A current to a 1 Ah battery, the battery will
discharge 1 hr. Additionally for a 1 Ah battery, applying a 2 A current will discharge the
battery in 30 min. The C-rates for these two examples are 1C and 2C, respectively. The
battery will charge/discharge at a set charge-rate (current) until a specified voltage is
reached, which can then give plots of voltage vs. time, capacity vs. time, and capacity vs.
voltage. From these graphs, the electrochemical behavior of the battery can be monitored
and each cycle can be compared relative to time, noting that one cycle corresponds to
one charge and one discharge of the battery.
3.4.3 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) is a useful technique for
distinguishing different chemical/electrochemical processes and determining their rates
by applying circuit models that can mathematically determine a system’s electrochemical
behavior. While cyclic voltammetry is a direct current (DC) technique, electrochemical
impedance spectroscopy (EIS) is an alternating current (AC) technique. The difference
between DC and AC techniques is that for DC methods, the cell that is being studied
changes meaning that the system experiences phase transitions, surface and volume
changes, and electrolyte oxidation/reduction. AC methods, on the other hand, are nearly
non-destructive and the cells are unchanged because only a small perturbation is applied,
which gives a multitude of information about what is happening inside an electrochemical
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cell. Impedance spectroscopy is a non-destructive technique, providing time dependent
information about a system’s properties and other ongoing processes such as battery
charge/discharge, metal corrosion, and electrochemical processes/reactions occurring in
capacitors, fuel cells, and other electrochemical devices [100].
The method comprises applying a small sinusoidal voltage (current) to an
electrochemical system and measuring its current (voltage) response; This is done so
that the cell’s response is pseudo-linear. In a pseudo-linear system, the current response
to a sinusoidal potential will be a sinusoid at the same frequency but shifted in phase
[101]. The resulting impedance responses of the electrochemical system can be
investigated by sweeping the frequency over several orders of magnitude [from a few
mHz to several MHz].
For EIS, a plot of real and imaginary numbers is constructed in a Nyquist plot. For
an electrode in a lithium-ion battery, this plot consists of a series of semicircles and a
sloped line, as seen in Figure 3.7.
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Figure 3.7. EIS Nyquist plot found in lithium-ion cells.
A typical EIS includes the following features from high to low frequency regions
(left to right):
1. Ohmic resistance – Located on the Nyquist plot at the high frequency interception
on the real axis, this resistance is mainly caused by the ionic resistance of the
electrolyte and is also known as the electrolyte resistance.
2. Interfacial resistance and capacitance - These values include the electronic/ionic
resistances of various types of interfaces such as the SEI layer (furthest
semicircle/semicircles to the left on the real axis) and/or the contact interface
between the particles of active materials, electrodes and current collectors, and/or
active materials and additives.
3. Charge transfer resistances and capacitances – This semicircle (the right-most
semicircle on the real axis) reflects the resistance of the reaction rate through the
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interface where electrons and ions are combined (i.e. electrochemical reactions)
and the capacitance of electrical double-layers at the interface.
4. Lithium ion diffusion and/or accumulation or consumption – This is shown by a 45°
sloped line known as the Warburg Impedance; it always corresponds to the solidstate diffusion of lithium ions in the active materials.
3.4.4 Electrochemical Methods and Analysis
The electrochemical behaviors and performances with respect to CV and EIS were
studied via a Bio-Logic SP-150 potentiostat, while all cycling behavior used a multichannel potential station (MTI Battery Analyzer). For CV testing, the cells were scanned
in the voltage range of 3.0 – 3.8 V at a scanning rate of 1.0 mV/s. The peaks of the anodic
and cathodic processes were recorded to determine formal potential of the cell as well as
to assess the degree of reversibility.
For battery cycling, the cells were charged and discharged the 3.0 – 3.8 V window,
as well. Three types of testing were conducted for battery performance: multiple cycling,
multiple charge-rate, and cycling with rest. For multiple cycling, the cells were
galvanostatically charged/discharged at a 1C rate for 100 cycles. For multiple C-rate
testing, the cells were cycled at a 1C, 2C, 5C, and then a 1C rate for 10 cycles each. For
the cycling with rest, the cells were charged and discharged at a 1C rate for 20 cycles,
then were held at rest after the final discharge for 24 hr before being cycled at a 1C rate
for 20 more cycles.
The multiple cycling experiment was used to determine the overall efficiency and
capacity and to determine the capacity retention over time. The multiple C-rate
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experiment was used to determine the bounce back of the battery system after exposure
to ultra high charge/discharge rates as well as to determine the power density of the cell.
The cycling with rest was to determine the stability with regards to rest and to determine
how much active material, lithium bromide, is lost from self-discharge.
From these tests, the overall battery capacity and various efficiencies (voltage,
coulombic, and energy) were calculated according to the following Equations:
ηVoltage =

VD
⁄V × 100
C

ηCoulombic =

(Eq.3-6)

qD
i t
⁄q C × 100 = D D⁄i t × 100
C C

(Eq.3-7)

q
VD
i t
V
⁄V ) ( D D⁄i t ) × 100 = ( D⁄V ) ( D⁄q C ) × 100
C
C
C
C

ηEnergy = (

(Eq.3-8)

where Vd and Vc are the charge and discharge voltages, qd and qc are the charge
and discharge specific capacities in mAh/g-LiBr, id and ic are the charge and discharge
currents in mA, and td and tc are the charge and discharge times in hr. The Vd/Vc and qd/qc
values can be found from capacity vs. cell potential graphs, as shown in Figure 3.8.
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Figure 3.8. Graph of capacity vs. cell potential showing charge/discharge curves and how
to determine the charge/discharge voltages and capacity.
For EIS, each cell was tested at two times: first, after the cell was created and then
after the cell was cycled 20 times at a 1C charge/discharge rate. This was used to study
the change in electrochemical behavior (specifically the charge-transfer and solution
resistances) over time, which has been identified as negatively affecting the cell lifetime
and performance. The electrochemical impedance spectra were measured by utilizing the
Bio-Logic SP-150 potentiostat with a 10 mV disturbance amplitude in the frequency range
of 100 kHz to 10 mHz. Before impedance measurements were made, the cell was held
10 mV below OCV for no less than 30 minutes or until the current was < 0.1 mA so reduce
noise during testing. The resulting Nyquist plots were then fitted with an equivalent circuit
model shown in Figure 3.9.
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Figure 3.9. Equivalent circuit model used to fit EIS data in Chapters 4 and 5.
All plots show a semi-circle in the middle frequency range and the start of a line at
the lower frequency range. The point at which the start of the semi-circle occurs (at the
highest frequency) represents the solution resistance, the semi-circle is representative of
charge-transfer resistance which is a combination of a resistor and constant phase
element in parallel, and the line at lower frequencies is related to Li+ diffusion modeled by
Warburg impedance.
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CHAPTER 4. “PRE-BROMINATING” ACTIVATED CARBON FOR USE
AS POSITIVE ELECTRODES
4.1 Secondary Lithium-Bromine Battery Introduction
Like Li-O2 and Li-S positive electrode reactions, a Li-Br2 cell provides a high cell
voltage (4.1 V vs. Li/Li+) with a theoretical specific energy density (~1300 Wh/kg) more
than 2 times greater than the practical maximum specific energy density of Li-ion batteries
[10, 49, 89, 102-104]. Recent studies have considered Li-Br2 cells and have
demonstrated progress toward a high capacity with good cycling performance. Sections
4.1.1 and 4.1.2 will showcase the progress of Li-Br2 battery development by detailing the
cell designs, highlighting the key results from these studies, and discussing the
advantages/disadvantages of Li-Br2 cells with aqueous and non-aqueous electrolyte
solvents.
4.1.1 Aqueous Lithium-Bromine Battery
While similar to Zn-Br2 batteries using aqueous solvents, recent advancements in
Li-Br2 batteries differ in that they are not flow cells. This section aims to highlight the
achievements of researchers in this area.
Zhao et al. completed work on Li-Br2 cells using the Br-/Br2 redox couple. In this
work, an aqueous 1M potassium bromide (KBr) and 0.3M lithium bromide (LiBr) solution
was used as catholyte, lithium metal as the anode, and a solid electrolyte, a Li-ion
conducting membrane [sodium superionic conductor (NASICON)-type Li1+x+3zAlx(Ti,
Ge)2−xSi3zP3−zO12)], separating the catholyte and the lithium anode, as shown in Figure
4.1 [102].
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Figure 4.1. Li-Br2 battery developed by Zhao et al.
This solid electrolyte separator is needed to prevent bromine and polybromide
species crossover and to prevent the aqueous solvent from reacting with the lithium metal
anode, which would negatively affect the performance of the cells and pose a safety risk.
However, the conducting membrane is also known to react with lithium metal, so the
anode was protected from the membrane with an organic electrolyte that consisted of 1M
LiPF6 in EC/DMC. The aqueous catholyte was also tuned sulfuric acid to pH 4.5-5 in order
to prevent the formation of BrO-, which occurs in a basic environment. The formation of
BrO- would lead to decreased cyclability as BrO- cannot reverse to Br-. The cells used in
this study showed promising electrochemical performances, with a high discharge
potential of ~3.9 V, a reversible capacity of 290 mAh/g-Br2 (close to the theoretical
capacity of 335 mAh/g-Br2) at the 50th cycle when charged/discharged at a 0.1C chargerate, with only a 1% capacity decrease per cycle, and a power density of 1000 W/kg.
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However, issues arising from large internal resistances, mainly the grain-boundary
resistance of the solid ceramic separator, remain as challenges moving forward [102].
Li-Br2 batteries with a solid electrolyte separating the aqueous catholyte from the
lithium anode was used by Takemoto and Yamada to understand the kinetics of these
types of cells. In this study, Takemoto and Yamada constructed a Li-Br2 cell with a
cathode of porous carbon and PVDF binder (90:10 wt.%) coated onto a glassy carbon
support, an aqueous catholyte with 1M LiBr salt (and later the addition of 0.25M
tetraethylammonium bromide (TEABr)), a NASICON-type solid electrolyte separator, a
lithium anode, and a protection layer between the anode and the solid electrolyte
consisting of 1M LiPF6 in EC/DMC, as shown in Figure 4.2 [104].

Figure 4.2. Li-Br2 battery proposed by Takemoto and Yamada.
By investigating the impedance of a static Li-Br2 cell, they suggested that the
observed increase in the internal resistance was mostly caused by the formation of a Liion depletion layer penetrating the surface of the NASICON-type solid electrolyte on the
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aqueous catholyte side. Because of this, the specific capacity related to the mass of LiBr
in the catholyte was reduced from ~150 mAh/g in the 1st cycle to ~75 mAh/g in the 10th
cycle. To reduce this resistance and increase the cycling stability, 0.25M TEABr was
added to the catholyte. the addition of tetraethylammonium bromide (TEABr) to depress
the interfacial resistance. By doing so, the interfacial resistance decreased from ~700 Ω
at the 5th cycle without TEABr to ~500Ω at the 5th cycle with TEABr. This decrease also
translated into better cycling performance as the specific capacity only decreased 160 to
139 mAh/g-LiBr by the 5th cycle, with a Coulombic efficiency of 99.6%. It was found that
the TEABr formed polybromide complexes that deposited onto the surface of the positive
electrode, contributing to the decrease in resistance, however, long lifetime cycling was
not studied and the overall resistances in the cells were still relatively high totaling ~700
Ω by the 5th cycle [104].
Chang et al. used protected lithium metal as an anode and the redox couple Br/Br3- in aqueous solution as catholyte, as shown in Figure 4.3. Glassy carbon was used
as a positive electrode, the negative electrode was lithium metal was protected by a gel
polymer electrolyte (GPE) consisting of 1M lithium perchlorate (LiClO4) in a mixture of
ethylene carbonate, diethyl carbonate, and dimethyl carbonate (EC/DEC/DMC) solvent
and coated by a lithium superionic conductor (LISICON) ceramic solid electrolyte
separator consisting of LATP (Li2O-Al2O3-SiO2-P2O5-TiO2-GeO2). The catholyte and
electrolyte was an aqueous solution, containing 1M LiBr and 0.1M liquid Br2 for initial
testing, then was increased to 7M LiBr and 1M Br2 for power density testing. This cell
displayed an average discharge cell voltage of 3.96 V at charge density rate of 1.7
mA/cm2, an energy density of 1220 Wh/kg after 100 cycles, and a power density of 29.7
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mW/cm2 at a charge density rate of 12.8 mA/cm. Yet, it was found that mass transport
issues plague these cells. The slow mobility of Li-ions in the solid electrolyte at higher
charge/discharge current density rates significantly increase the resistances, which
significantly decreases the discharge voltages [103].

Figure 4.3. Li-Br2 battery proposed by Chang et al.
While aqueous Li-Br2 cells have advantages, the use of expensive, brittle solid
electrolytes, safety, cell design, and stability/internal resistance remain problems with
aqueous solutions. Because of this, others have explored the use of non-aqueous cells
to mitigate these issues.
4.1.2 Nonaqueous Lithium-Bromine Battery
Xi et al. detail a non-aqueous Li-Br2 battery, as shown in Figure 4.4 [89]. The
battery consists of a lithium negative electrode, Br2/Br- redox couple as the positive
electrode with carbon felt current collector, and a carbon-coated membrane separator.
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The positive catholyte consisted of 3M LiBr in a supporting electrolyte consisting of 1.3M
LiTFSI in a 1:1 vol.% DOL/DME solution.

Figure 4.4. Non-aqueous Li-Br2 battery proposed by Xi et al.
Unlike the previous studies using a solid electrolyte membrane, the battery
employs a carbon coated membrane consisting of expanded graphite and activated
carbon coated onto a polyethylene separator using Nafion as binder to prevent
bromine/polybromide crossover. Nafion, a brand name developed by Dupont in the
1960s, is a sulfonated tetrafluoroethylene-based fluoropolymer-copolymer that is
commonly used in fuel cells. It is a proton-conductive polymer film that only allows protons
to crossover, with a Teflon backbone that makes it not only chemically resistant, but also
highly conductive due to the sulfonated groups attached to the backbone. Their system
offered a high redox potential at 3.4 V vs. Li/Li+ and a practical energy density of 232.6
Wh/kg. Additionally, Coulombic and energy efficiencies reached 90% and 80%,
respectively, at a 1.0 mA/cm2 charge density rate for 1000 cycles. While promising, the
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overall energy efficiency is low, and is due to lower Coulombic efficiency and voltage
efficiency (ratio between the charge and discharge voltage) [89].
Viable commercial batteries need to reduce the voltage difference (overpotential)
and increase the Coulombic efficiency. One suggestion that was made was to, like with
the aqueous batteries, incorporate Br2 complexing agents [89]. Like Li-O2 and Li-S
positive electrodes, Li-Br2 poses several significant challenges such as the generation of
liquid products, slow transport of larger bromine species, and chemical reactions of
bromine with electrodes or other cell materials. The challenge of aqueous solutions is
isolating lithium metal anodes, which poses a safety risk, by using solid ceramic films that
leads to higher cost, increased internal resistances overtime, and difficulties in
manufacturing for large-scale production, whereas non-aqueous cell’s advantages
include not requiring this protective lithium electrode coating [89, 91, 105].
While the aforementioned aqueous and non-aqueous results are promising, the
improvements in low cost separation of active materials and greater Coulombic
efficiencies are critical to progress toward a viable alternative to Li-ion. In this chapter,
non-aqueous Li-Br2 cells are used with simple carbon-coated glass fiber separators, LiBr
electrolyte, and non-graphitic carbon as the positive electrode. More specifically, the
behavior of positive carbon electrodes that are chemically pre-brominated prior to their
use as electrodes compared to untreated samples are evaluated.
4.2 “Pre-Bromination” of Activated Carbon
Various carbon-based electrodes have been studied for use in electrochemical
capacitors, pseudocapacitors, and batteries. The most common of these types of carbon
is graphite, which intercalates Li+ ions at the anode. From previous work, it is well-known
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that graphite intercalates both lithium and bromine, so another carbon material should be
used as a positive electrode [106]. Alternatively, activated carbons are commonly used
for positive electrode materials due to their large specific surface area, good conductivity,
high chemical/thermal stability, and low cost [23]. Furthermore, the bromination of nongraphitic carbon, used commercially as a mercury sorbent, is well known [107].
To understand how bromine reacts with carbon materials, Mastragostino and
Gramellini characterized the oxidation of bromine by the following reactions [108]:
Br- ↔ Brads + e-

(Rxn.4-1)

Br- + Brads ↔ Br2 + e-

(Rxn.4-2)

2Brads ↔ Br2

(Rxn.4-3)

The rate determining step has been reported as the first reaction in the sequence,
Rxn.4-1. Therefore, to improve the reaction rate, a high density of surface sites for
adsorption of Br- is necessary [109].
Because bromine is known to react with carbon, to avoid losing active Br- to this
reaction in an assembled cell, pre-brominating the carbon prior to electrode preparation
is theorized to facilitate better electrochemical performance and efficiencies by minimizing
the bromide adsorption during cycling.
Commercial activated carbon (AC, MTI Corp., D50 particle size 5.93 μm) was used
as a precursor carbon material for bromination. While previous studies have explored
bromination through plasma-assisted halogenation, thermal exfoliation, heterogeneous
nucleation crystallization, microwave-spark-assisted halogenation, and high energy
milling, this study uses a common physical adsorption method with elemental bromine
(Br2) and carbon tetrachloride (CCl4) as an inert solvent [91, 105, 110-112].

87

First, 2 grams of AC was added to a 1.25M solution of Br2 in CCl4 (Sigma Aldrich),
which was then sealed and stirred for 24 hours. After stirring, the solution was filtered,
and the remaining powder was washed with excess CCl4 to remove excess bromine from
the sample. The filtered powder was then annealed at 100 °C for 1 hour to remove any
unreacted bromine before being placed in a vacuum chamber overnight to dry.
Positive electrodes were then created and used in coin cells, as described in
Chapter 3.
4.3 Results and Discussion
The BET surface areas, pore size distributions and porous volumes of the
untreated and brominated activated carbons were obtained from nitrogen adsorptiondesorption curves. The isotherms and pore size distribution of the materials are shown in
Figure 4.5.
Because of the difference in the adsorption and desorption processes, a hysteresis
loop forms, seen around the relative pressure of 0.5 in Figure 4.5a. During adsorption,
molecules are incrementally adsorbed onto the material layer by layer. According to
Abburi et al., for pore filling, the molecules first fill sites that are higher in energy then
lower in energy (nearest the pore wall then further away from this wall). As accumulated
molecules from these walls come closer, they collapse into a thermodynamically lower
energy state, known as capillary condensation. During desorption, a higher gradient of
chemical potential, in this case pressure drop, is needed to pull adsorbed low-energy
molecules out of their sites, meaning that the molecules now desorb at lower pressure;
this, in turn, creates a gap between equilibrium adsorption and desorption pressures on
the isotherm curves, which is known as the hysteresis [113].
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Figure 4.5. Porosimetry results for untreated and brominated activated carbons with a.)
isotherms and b.) pore size distributions.
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The isotherms have hysteresis behavior classified by IUPAC as “H4”, which
correlates to micro-mesoporous carbons, in which a more pronounced uptake at low p/p 0
is associated with filling of micropores [98]. Indeed, it can be seen from the pore size
distributions (Figure 4.5b) that the brominated version of the activated carbon has a
smaller volume of micropores and smaller ranged mesopores. The BET surface area,
micropore area, mesoporous volume, and average mesopore diameter of the samples
are shown in Table 4.1.
Table 4.1. BET surface area, micropore area, mesoporous volume, and mesoporous
diameter of untreated and brominated activated carbon.
Sample
AC
1.25D

SBET (m2/g)
1617.19
1136.62

SMicro (cm2/g)
1196.69
823.99

VMeso (cm3/g)
0.24
0.18

Avg. DMeso (nm)
3.43
3.53

From the table, the BET surface area and micropore area decreases in brominated
activated carbon by 29.7% and 31.7%, respectively, compared to untreated samples.
Additionally, the mesoporous volume of the brominated sample decreases while the
average pore diameter increases. This trend is, along with the trends in surface and
micropore area, show that bromine is indeed filling the micro- and mesopores of the
activated carbon. Recalling the porosimetry experimental method in Chapter 3, during
sample preparation, the powders are exposed to high heat and vacuum to rid any excess
water, oxygen, carbon dioxide, etc. physisorbed onto the surface. If bromine was
physisorbed onto the surface, the areas and volumes of the brominated samples would
revert to their untreated form. Because this difference is still apparent, it suggests that
bromine is not physisorbed onto the carbon surface, but rather chemisorbed. Comparing
these results, when bromine is introduced to the host carbon, the bromine species fills
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the micropores which are kept in place by the strong capillary forces in the micropores;
this, in turn, reduces the overall micropore area [105].
To determine the degree and types of bromine bonding on surface of the activated
carbons, XPS and SEM-EDS were conducted. Figure 4.6 displays the XPS results from
the carbon, C1s, peak and the bromine, Br3d, peak. Note that for the Br3d spectra the Br
3d3/2 peaks are omitted for clarity.
From the C1s spectrum in Figure 4.6a, the deconvoluted peaks for the brominated
activated carbon (1.25D) can be assigned as follows: C-C bond (284.6 eV), C-Br bond
(285.57 eV), carboxyl group (288.68 eV), carbonyl group (290.66 eV), and π→π* (291.4
eV) [111, 112, 114, 115]. In general, when comparing the C1s peak of untreated and
brominated activated carbon, the downshift in the most prominent peak position from the
untreated AC sample (284.9 to 284.6 eV) suggests that a C-Br bond occurs due to the
bromination adsorption reaction. This shift, suggested to represent a sp2 to sp3 transition,
is attributed to a structural ordering as a result of charge transfer reaction between carbon
and bromine [105, 111, 114, 116]. Because bromine is a highly electronegative element,
the carbon-bromine interaction triggers a charge transfer reaction resulting in
chemisorption, coinciding with the results seen during porosimetry.
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Figure 4.6. XPS results of the various carbon powder samples. Figure shows a.) Carbon
C1s peak for brominated activated carbon with an inset comparing untreated and
brominated activated carbon (AC and 1.25D) and b.) Bromine Br3d peak of 1.25D.
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To confirm that bromine has reacted with the activated carbon, the Br3d spectrum
is analyzed. The Br3d spectrum in Figure 4.6b shows one large peak around 71 eV and
a smaller peak near 68 eV. The first peak at 71.22 eV is attributed, from other research,
as bromine covalently bonded to sp2 and sp3 carbon (C-Br bond), accounting for 73 at.%
of the Br-species. The other peak at 68.18 eV is attributed to physisorbed Br2 molecules,
accounting for 27% of the Br-species. This peak is commonly associated with carbon that
has been brominated with CCl4 and researchers have stated that this peak can be
eliminated with sodium thiosulfate or, more slowly, storing the sample for several months
in atmosphere [114].
Knowing that the bromination of the activated carbon has resulted in chemisorbed
bromine, SEM-EDS was conducted on the positive electrodes to better understand the
bromine distribution across of the surface. Figure 4.7 displays an SEM image of the
brominated activated carbon, as well as the elemental mapping of carbon, bromine, and
a combined carbon/bromine chemical overlay.
From Figure 4.7b, carbon is the most prominent element, which causes the carbon
elemental mapping to show more distinct features of the electrode surface. Figure 4.7c
shows that the bromine present in the electrode is well-distributed across the surface.
When overlapping the carbon and bromine elements, as seen in Figure 4.7d, there
appears to be areas of pure carbon material, which is attributed to the conductive carbon
black added in the slurry that is not brominated. However, bromine is still present towards
the surface of the material. Table 4.2 shows the atomic percent of various elements in the
electrode.
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Figure 4.7. SEM-EDS of brominated activated carbon electrode. Figure shows a.) SEM
cross-sectional image of the surface, b.) elemental mapping of carbon, c.) elemental
mapping of bromine, and d.) chemical overlay of carbon (dark blue) and bromine (teal).
Table 4.2. SEM-EDS results of the atomic and weight percentage of each element
present in the electrode.
Element
C
O
F
Br

At.%
94.38
2.05
2.76
0.81
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Wt.%
88.32
2.55
4.09
5.03

Table 4.2 shows that carbon is highly prevalent in the system compared to
bromine. Additionally, the oxygen content can be attributed to the carboxyl and carbonyl
groups in the activated carbon powders and potential contamination from exposure to
ambient air and the fluorine present is attributed to the PVDF binder.
The cyclic voltammograms, shown in Figure 4.8, compare untreated activated
carbon and brominated activated carbon electrodes at a scan rate of 1 mV/s. The results
of this analysis are presented in Table 4.3.
Both voltammograms include capacitive region (non-Faradaic) and peaks
associated with reduction and oxidation (Faradaic component). The non-Faradaic
process involves electrostatic force between charged ions and the electrode, which is
observed in electric double-layer capacitance (EDLC) [23, 24]. During the charging and
discharging, cations and anions in the electrolyte are attached on both electrodes with an
applied voltage to form two double charged layers, while no electrochemical reactions are
observed [23]. This capacitive response has been attributed to the moving of TFSI- toward
the AC substrate and entering the double layer of the surface, while Li + migrates out of
the double layer [91].
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Figure 4.8. Cyclic voltammograms for untreated and brominated carbon electrodes.
Table 4.3. Anodic and cathodic peaks, formal electrochemical potential, and anodic and
cathodic peak separation for untreated and brominated activated carbons.
Sample Epa (V)
AC
3.685
1.25D
3.800

Epc (V)
3.276
3.236

E0' (V)
3.480
3.518

Epa - Epc (V)
0.409
0.564

The Faradaic process occurs at both electrodes and is detailed by the following
reactions:
Negative Electrode: Li+ + e- ↔ Li (-3.045 V vs. SHE)

(Rxn.4-4)

Positive Electrode: 2Br- ↔ Br2 + 2e- (1.072 V vs. SHE)

(Rxn.4-5)
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During charging and discharging, the lithium ions are electrochemically oxidized
and reduced at the anode surface, while at the positive electrode, bromide ions are
converted to bromine. While aqueous studies have suggested that bromide ions are
oxidized and reduced to bromine, it is known that the higher prevalence of bromide can
react with bromine to from higher order polybromides according to the reaction [105]:
xBr2 + yBr- ↔ Br2x+yx-

(Rxn.4-6)

where x and y are integers > 0. From previous studies using bromine complexing
agents, the polybromides form as follows [104]:
Q+-Br- + Br2 ↔ Q+-Br3- + Br2 ↔ Q+-Br5- + Br2 ↔ … ↔ Q+-Br2n+1-

(Rxn.4-7)

where Q is a complexing cation such as MEP+, TBA+, etc.
Because the batteries have a capacitance and Faradaic region, it can be said that
they possess a slight pseudocapacitive behavior that can be attributed to the nature of
micro- and mesoporous carbon materials. The brominated activated carbons created by
Barpanda et al. also shows capacitive behaviors, with capacitance constituting > 60% of
the overall capacity for each degree of bromination, noting that the percentage of
capacitance decreasing with an increase in the degree of bromination [105].
Comparing this work to Barpanda et al., although the capacitive region is seen at
a relatively low scan rate (1 mV/s), the capacitance only constitutes a small percentage
of energy storage (17% for the untreated activated carbon and 13% for the brominated
activated carbon) and is dominated by redox (Faradaic) reactions, as seen in Figure 4.9.
While possessing capacitive regions much greater than Li-ion batteries, these cells still
perform mainly as batteries than as pseudocapacitors.
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Figure 4.9. Discharge curves at a 5C rate separating the non-Faradaic and Faradaic
charge for AC and 1.25D positive electrodes.
From Table 4.3, the cathodic peak potentials between untreated and brominated
activated carbon are relatively similar with a 50 mV separation. The major difference is
seen in the anodic peak potentials as the untreated activated carbon is not shifted as far
as the brominated activated carbon, which also accounts for the larger peak potential
difference. It should be noted that the cell voltage reached termination voltage before the
oxidation peak could fully form for the pre-brominated electrode. As described by
Takemoto et al., this shift is attributed to a large IR-drop (internal resistances), preventing
all the Br- from being oxidized [104]. Because of this, it promotes the idea that bromide
ions in the electrolyte are being complexed and incorporated in the pores of the activated
carbon electrodes.
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The results from Table 4.3 and the voltammograms also appear to show that the
oxidation/reduction peaks are deviating from reversibility. Indeed, when comparing these
results to CV experiments performed by other research groups, the peak separation is
much larger, however, the scan rate used in these experiments are also orders of
magnitude greater than others. For example, Barpanda et al. conducted CV with a 0.05
mV/s scan rate, while Wang et al. conducted CV with a scan rate of 0.1 mV/s. So, while
this CV shows a much larger peak separation, it is possible this is due to the higher scan
rate which can affect the internal resistances that will contribute to the larger potential
difference between peaks [91, 105].
As detailed in Chapter 3, the 2032 type coin cell charge and discharge profiles
were determined by cycling the batteries between 3 and 3.8 V using a battery analyzer
from MTI Corp. Two types of testing were completed, including a multiple cycle study and
a multiple charge-rate (C-rate) study. In the multiple C-rate study, the batteries were
charged/discharged at C-rates of 1C, 2C, 5C, then 1C for 10 cycles each, while the
multiple charge rate study cycled the cells at a 1C charge/discharge rate for 100 cycles.
The multiple cycle and multiple C-rate results for untreated activated carbon (AC) and
pre-brominated activated carbon (1.25D) are shown in Figures 4.10, 4.11, 4.12, and 4.13.
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Figure 4.10. Multiple charge-rate for AC positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency at each C-rate and b.)
discharge voltage and capacity profile for each C-rate.
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Figure 4.11. Multiple cycling at a 1C rate for untreated AC positive electrode. Figure
shows a.) charge/discharge specific capacity and Coulombic efficiency and b.) discharge
voltage and capacity profile for the 1st, 25th, 50th, 75th, and 100th cycle.
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Figure 4.12. Multiple charge-rate for 1.25D positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency at each C-rate and b.)
discharge voltage and capacity profile for each C-rate.
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Figure 4.13. Multiple cycling at a 1C rate for brominated AC (1.25D) positive electrode.
Figure shows a.) charge/discharge specific capacity and Coulombic efficiency and b.)
discharge voltage and capacity profile for the 1st, 25th, 50th, 75th, and 100th cycle.
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From Figure 4.10a, for the untreated activated carbon electrode, the average
discharge capacities at the initial 1C, 2C, 5C, and final 1C charge-rate are 151, 122, 95,
and 100 mAh/g-LiBr with an average Coulombic efficiency of 65, 76, 83, and 79%,
respectively. The average discharge capacity fading from the first 10 1C cycles to the last
10 1C cycles is 33%, which shows that capacity retention is very low. The large gap
between charge and discharge capacity in the first 10 1C cycles is believed to be due to
the bromine adsorption reaction with activated carbon. At subsequent cycling at higher
charge/discharge rates, this behavior is less prominent as the efficiency also begins to
rise. Additionally, from the cycling profiles, as the charge rate increases, the voltage
plateau, as seen in Figure 4.10b, is less definable, suggesting larger resistances as it
deviates from ideal battery plateaus.
From Figure 4.11a, there appears to be a large separation between charge and
discharge capacities towards to the beginning of the cycles, which can be attributed to
the bromine adsorption reaction that fades at higher cycle numbers, causing the efficiency
to increase. The capacity fading is significant over long term use from the highest
discharge capacity of 198 mAh/g-LiBr to 62 mAh/g-LiBr, corresponding to a 69% overall
capacity loss, and an averaging 79% overall Coulombic efficiency. From the cycling
profiles in Figure 4.11b, as the battery cycles for extended periods, the voltage plateau
becomes less pronounced, and the capacity drastically fades.
From Figure 4.12a, for the brominated activated carbon electrode, the average
discharge capacities for the initial 1C, 2C, 5C, and final 1C charge rate are 86, 45, 25,
and 84 mAh/g-LiBr with an average coulombic efficiency of 92, 94, 96, and 92%,
respectively. The average charge capacity fading from the first 10 1C cycles to the last
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10 1C cycles is only 2.5%, which shows that the pre-brominated electrode retains
capacity even after increasing the charge rate upwards of 5-fold. Analyzing the multiple
cycling experiment, in Figure 4.13a, for the brominated activated carbon electrode, the
capacity fading is less prominent over long term use from its highest value of 156 mAh/gLiBr to 137 mAh/g-LiBr, corresponding to a 12% overall capacity loss, and an averaging
94% overall coulombic efficiency. From Figure 4.13a, the capacity seems to increase in
the early cycles slightly indicating that the electrolyte is penetrating the electrode, with full
utilization occurring at cycle 10.
From these results, it is evident that pre-brominated activated carbon electrodes
have higher Coulombic efficiency and lower capacity fading than the untreated activated
carbon electrodes, but, in general, the overall specific capacity of the untreated activated
carbon electrodes is higher than that of the pre-brominated activated carbon electrodes.
When comparing the cycling results to the cyclic voltammograms in Figure 4.8, the shift
in higher oxidation voltage to the potential limit of 3.8 V influences the amount of bromine
that can oxidize/reduce in the cells. However, the reason for severe capacity fading in the
untreated electrodes is unclear. The two prevailing explanations for this phenomenon is
increased internal resistances and active material losses. As mentioned in the
introduction to this chapter, Takemoto et al. found that in aqueous solutions, LiBr with no
complexing agents showed severe capacity fading from ~150 mAh/g to ~75 mAh/g-LiBr
in 10 cycles. Like the results for untreated AC presented, the initial cycle had high charge
capacity but lower discharge capacity (~255 mAh/g and ~150 mAh/g, respectively),
corresponding to an initial Coulombic efficiency of 60%. As cycling continued, the charge
and discharge capacities significantly decreased, while the Coulombic efficiency
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increased to ~100% at the 10th cycle. This is because Br2 increased interfacial resistances
and by complexing this free Br2, the capacity fading would decrease and would be more
stable as was seen when the discharge capacity faded from ~160 mAh/g to 139 mAh/gLiBr in the 5th cycle, with Coulombic efficiencies remaining relatively stable increasing
from 80% to 100% in the same cycle frame. However, resistances are still high totaling
700 Ω, which ultimately affect the total specific capacity of the cells [104].
Another prominent explanation for capacity losses is active material losses. Yoo
et al. studied Br2 storage through reversible confinement in porous carbons using 3 types
of aqueous electrolytes consisting of 1.2M KBr with no complexing agent, 1M KBr + 0.2M
1-ethyl-1-methylpyrrolidinium bromide (MEPBr) and 1M KBr + 0.2M tetrabutylammonium
bromide (TBABr). From their results, it was found that electrolytes with TBABr complexed
Br2 in the pores of high surface area carbon electrodes better than no complexing agents
and MEPBr. It is thought that TBABr has surfactant behavior that increases the wettability
of the electrodes, facilitating better infiltration into the pores. It should be noted that if a
non-porous electrode is used, the solid complex precipitates away from the electrode
occurs, causing irreversible capacity loss. Additionally, Raman analysis of the battery
separator and electron microscopy of the electrode surface, found that Li-Br2 cells without
complexing agents partially pulverized the carbon particles of the electrode surface and
a black film formed onto the separator surface. It was concluded that the black film was
caused by shedding of the electrode surface from the electrochemical intercalation of
highly reactive bromine and polybromide and this lead to irreversible losses that causes
cell capacity fading. To confirm this, solid complexes generated in situ during electrolysis
were contained in the pores of the high surface area carbon, which suppresses cross-
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diffusion of oxidized bromide and lowers the self-discharge rate. It was also found that
the complexes that lack hydrophobic substituents such as MEP+ appear to insufficiently
provides complexation/precipitation of Br3-, leaving high concentrations of free Br3- in the
electrolyte solution that ultimately negatively impact the performance of the cells [117].
Therefore, to determine if the significant fading and/or the lower discharge
capacities seen in Figures 4.11 and 4.13, a cycling rest experiment and electrochemical
impedance spectroscopy (EIS) were done to both the untreated AC and brominated AC
electrodes. For the cycling rest experiment, the cells were charged/discharged at a 1C
charge-rate for 20 cycles, then held at rest (0 current) for 24 hours and cycled again at a
1C charge-rate for 20 cycles, as shown in Figure 4.14. The EIS experiments were
completed by measuring the impedance of the cells prior to cycling and then after 20
cycles at a 1C charge-rate, as shown in Figure 4.15. The EIS results are tabulated in
Table 4.4.
From Figure 4.14b, the voltage drop was 343.5 mV and 258.2 mV for AC and
1.25D positive electrodes corresponding to an average voltage loss of 14.3 mV/h and
10.8 mV/h, respectively, noting that the AC positive electrode voltage fell below 3 V during
this time. This suggests that pre-brominating activated carbon has higher stability than
untreated activated carbon. It was also found, from Figure 4.13a, that the average opencircuit capacity loss from AC was around 12.5%, while the loss from 1.25D was around
6.5%. This corresponds to about 0.52% and 0.27% capacity loss per hour (per 1C rate
cycle).

107

Figure 4.14. Untreated/”Pre-Brominated” AC results from the 24 h rest after 20 cycles at
a 1C charge rate. Figure shows a.) the average capacity loss after the rest and b.) the
voltage drop during the 24 h rest period.
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Figure 4.15. EIS results for the untreated and brominated activated carbon electrodes
prior to and post cycling at a 1C charge rate for 20 cycles.
Table 4.4. EIS results for the untreated and brominated activated carbon showing the
solution and charge-transfer resistances prior to and post cycling at a 1C charge rate for
20 cycles.
Electrode
AC
1.25D

Condition

Rs (Ω)

Rct (Ω)

Pre-Cycle
Post-Cycle
Pre-Cycle
Post-Cycle

56.87
96.68
88.72
154.81

179.00
95.11
69.23
53.79
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When comparing this to the results in Figures 4.11 and 4.13, with a starting point
at cycle 40, since the adsorption of bromine is prevalent before that point with the AC
positive electrode, the average capacity loss is about 1% per cycle and 0.2% per cycle
for AC and 1.25D positive electrodes, respectively. While it is uncertain if this open-circuit
capacity loss is due to irreversible side reactions with the Li anode (from shuttling) or
degradation of the carbon electrode surface, the results suggest that brominated carbon
surfaces assist in maintaining active material.
From the impedance results in Figure 4.15 and Table 4.4, for untreated AC, the
solution resistance increases after 20 cycles, while the charge-transfer resistance
decreases significantly.
In order to understand the improvement in charge-transfer resistance, one must
first understand how electrons transfer. In general, the electrode and a solution species
when the cell potential is enough to either promote an electron into the LUMO of the
solution species (reduction) or to allow movement from the HOMO of the solution species
into the electrode (oxidation). In either case, the electrons involved in charge movement
end up in a place offering them the lowest available energy. Understanding the electron
transfer from a microscopic level, Marcus Theory to describe the phenomena.
While the Butler-Volmer model of electrode kinetics has been used as a general
theory of electron transfer kinetics from a macroscopic scale, such an approach cannot
be used to predict how the kinetics are affected by other factors including the solvent,
electrode material, the nature/structure of reacting species, and adsorbed layers on the
electrode. As such, to understand the electron transfer from a microscopic level that
incorporates these factors, Marucs theory, developed by Rudolph A. Marucs in the 1950s,
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is used to describe how the overall environment and molecular structure affects the
electro-transfer process.

Marcus theory incorporates inner-sphere and outer-sphere

electron transfer reactions at the electrodes, in which inner-sphere denotes electron
transfer within a primary bond system and outer-sphere denotes electron transfer from
one primary bond system to another. This then leads to inner-sphere electrode reaction
involving adsorption of the species onto the electrode while outer-sphere electrode
reactions involve reactions that do not interact strongly with the electrode surface. Marcus
theory is essentially derived from Transition State Theory (TST) and the Frank-Condon
principle, which are shown in Figure 4.16 [99, 118].

Figure 4.16. Energy diagrams for a.) transition state theory and b.) Frank Condon
principle.
Figure 4.16a shows the energy diagrams for the chemical reaction of A + BC →
AB + C, in which ΔG0 is the Gibb’s Free Energy of the reaction and ΔG‡ is the Gibb’s Free
Energy of the transition state, also known as the activation energy barrier from reactants
to products. Figure 4.16b shows the energy diagram represented by the Frank-Condon
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principle, as seen with fluorescence spectroscopy, in which an electron is vertically
excited from its ground energy state to an excited state, after which, the deexcitation
process results in fluorescence. The Frank-Condon principle states that in an electronic
transition between two reactants, the solvent molecules do not have time to rearrange,
resulting in the atomic configuration and total energy of the system remaining the same
[119]. Although fundamental in development of Marcus Theory, TST and the FrankCondon principle do not accurately describe electron transfer reactions because:
•

Rate of electron transfer is faster than molecular vibrations,

•

Configurations of the solvent surrounding inner coordination sphere is not
accounted for, rather orientations of reactants key,

•

Vertical excitation does not conserve energy, and

•

Electron transfer reactions occur in the absence of light.

Figure 4.17 shows the electronic and nuclear displacement energy diagrams for the
conversion of DA to D+A-, where D denotes the donor species and A denotes the acceptor
species using Marcus Theory. Note that the parabolic wells are Morse potentials (like the
wells in Figure 4.16b) in which the potential energy is a function of bond distance [99].
From Figure 4.17, the electron energy is seen from an initial point q 0R and
increases isoenergetically to the point q*, meaning that electrons move from an initial
state to a receiving state at the same energy (Figure 4.17a and 4.17b). It is at q*, where
electron transfer occurs, obeying the Frank-Condon principle. As the energy is increased
to a point q0P, the electron displacement energy is higher for D+A- and lower for DA (Figure
4.17c).
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Figure 4.17. Marcus theory electronic and nuclear displacement diagrams depicting
electron energy levels and electron transfer at a.) q0R, b.) q*, and c.) q0P.
When comparing the charge-transfer resistance, it is important to note the
difference between the two electrodes at the pre-cycle, and to then compare each
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electrode pre- and post-cycling results. When comparing the two electrodes at the precycle, the 1.25D electrode has a much lower charge-transfer resistance than the
untreated AC electrode, by 2.6x. After cycling, the charge-transfer resistance of the AC
electrode decreases by 47%, while the 1.25D electrode decreases by 22%.
From the EIS results, the “pre-brominated” activated carbon improved charge
transfer resistances, and, overtime, the charge transfer resistance of untreated activated
carbon electrode improved. The improvement can be attributed to C-Br bonds that are
formed upon bromination. From the XPS results, “pre-brominated” activated carbon has
C-Br bonds and based on the knowledge of how carbon interacts with Br2, the brominated
electrolyte is believed to form C-Br bonds on the surface of the untreated activated carbon
electrode.
With Raman spectroscopy, Barpanda et al. showed that bromination of activated
carbon led to longitudinal and latitudinal disordering of carbon (but at the microscale this
would be considered structural ordering) and found that for higher degrees of bromination,
the prevalence of Br-Br vibrational bonds increases. The parallel formation of vibrational
bonds is assigned to polybromide peaks. Because of this, they proposed the following
mechanism for the reactions that occur within the pores of Li-Br2 batteries [105]:
2C + 3Br2 ↔ 2Br3- + 2C+

(Rxn.4-8)

nLi+ + ne- + C+ + Br-Br(-) ↔ C + nLiBr

(Rxn.4-9)

Barpanda also studied Li-I2 pseudocapacitors by ball-milling various graphitic
carbons and chemically incorporating iodine by vapor-phase methods. From the results
of XPS, Raman, and cycling, it was found that iodinated carbons deviated from the formal
cell potential of the 2Li + I2 → 2LiI reaction (~2.7 V vs. Li/Li+) to higher potentials around
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3.1 V vs. Li/Li+. It is believed that this deviation is caused by C-In- complexed intermediates
because:
1. Raman spectroscopy confirms the presence of In- polyiodide species,
2. Differential scanning calorimetry suggests formation of strong bond entities
because I2 is not formed, and
3. High redox potential for the standard LiI formation reaction.
Because of this Barpanda et al. suggested that the mechanism for Li-I2
pseudocapacitors is [120]:
nLi+ + ne- + C-In- ↔ C + nLiI

(Rxn.4-10)

Because the formal potential from the CV is around 3.5 V vs. Li/Li+, which is less
than the formal potential for Br2/Br- (4.1 V vs. Li/Li+) and it is slightly higher than the formal
potential for the 2Li + Br2 → 2LiBr (3.42 V vs. Li/Li+), the mechanism for this reaction is
more closely resembled by the LiI reaction developed by Barpanda et al. with regards to
C-In- intermediate complexes, suggesting that upon bromination, carbon and bromine for
intermediate complexes as well.
The improvement of electron transfer due to halogen bonding to the carbon surface
has been studied in other types of materials. Rosokha et al. studied the charge transfer
in halogen-bonded complexes of electrophilic bromocarbons with halide ions using
experimental data and computational models by density functional theory (DFT). For the
experimental analysis, tribromonitromethane was titrated with iodine and the
experimental data was compared to DFT models. From the results, it was shown that the
inner-sphere pathway (involves the halogen-bonded complex [R-Br···I- → R*···Br-I-*]) has
a lower free energy change than the outer-sphere electron transfer [I- → R-Br]. It was
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concluded that halogen-bonding decreased the electron transfer barrier significantly
[121].
Continuing this idea that halogen-bonded materials improves electron transfer, Liu
et al. and Jeon et al. studied halogen complexes onto materials for use as ORR
electrocatalysts. Liu et al. found that treating carbonized HOF-8 with KI resulted in
enhanced ORR performances comparable to Pt/C surfaces [122]. Jeon et al. also studied
the electrocatalytic behaviors of halogenated graphene nanoplatelets with experimental
and computational methods. From DFT calculations, it was shown that halogenated
graphene edges provide adsorption sites for oxygen molecules used in ORR as these
edges reveal greater binding affinity with O2. This weakens the O-O bond of the adsorbed
O2. In particular, Br and I are excellent doping species because their valence electrons
are more loosely bound for facilitating charge polarization. Additionally, because of their
size, they can form partially ionized bonds, further enhancing charge transfer [123].
While charge transfer resistance is improved upon bromination, the ohmic
resistances for both electrodes are high and increase drastically with cycling, roughly 70%
for both electrodes. The ohmic resistance is typically caused by either ion migration
resistance in the electrolyte, contact resistance of the electrode to the current collector,
and/or resistance to electron transport within the components of the cell. While the
specific causes for increased resistance is uncertain, the consequence of this increased
resistance is increasing the oxidation potential to the upper potential limits. When this
occurs, less active material can be oxidized/reduced, and this ultimately negatively affects
the cell performance, resulting in low overall capacity.
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Overall, the brominated AC electrodes have less charge-transfer resistance, but
greater solution resistance compared to the untreated AC positive electrodes, meaning
that the capacity will be lower, as active material is not able to be oxidized/reduced.
Therefore, the capacity fading in both electrodes and overall lower capacities in the
brominated AC electrode is affected by the internal resistances and irreversible side
reactions.
4.4 Conclusions
In this study, Li-Br2 cells were constructed with a lithium metal anode, non-aqueous
LiBr salt electrolytes, a carbon coated glass fiber separator, and untreated and chemically
brominated non-graphitic carbon positive electrodes. From materials analysis,
bromination leads to chemisorption into the pores of activated carbon causing sp2 to sp3
transitions in carbon from the formation of C-Br bonds and accounts for around 5% of the
mass of activated carbon. For untreated activated carbon, Br2 adsorption occurs early in
cycling leading to capacity losses and low Coulombic efficiencies. Electrochemically, the
untreated activated carbon displayed an average Coulombic efficiency of 79% with initial
and final specific capacities of 198 and 62 mAh/g-LiBr, corresponding to 69% capacity
fading over 100 cycles at a 1C charge rate. Further investigation found that during a 24hour rest period after 20 cycles, over 12.5% of capacity was lost and impedance results
found that continuous cycling significantly increased solution resistance. The brominated
activated carbon electrodes improve the Coulombic efficiency to 94% and have better
capacity retention with only 12% capacity fading over 100 cycles at a 1C charge rate.
From resting experiments, the capacity losses were improved form untreated activated
carbon to 6.5% but showed higher solution resistances. When comparing charge-transfer
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resistances, brominated activated carbon showed smaller resistances, which has been
suggested as a result of carbon-halogen increasing electron transfer.
Although improvements were made, initial and final specific capacities for
brominated activated carbon are low at 156 and 137 mAh/g-LiBr compared to the
theoretical value of LiBr at 309 mAh/g. Coupled with the capacity losses due to potential
irreversible side reactions and internal resistances, these results necessitate the fixture
of the Br-/Br2 redox couple into the pores of porous materials and the removal of LiBr from
the electrolyte to improve the electrochemical performances.
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CHAPTER 5. EMBEDDING LITHIUM BROMIDE INTO THE PORES OF
CARBON-DERIVED METAL-ORGANIC FRAMEWORKS
5.1 Introduction
Based on the results of the previous chapter, “pre-brominating” activated carbon
increased the Coulombic efficiency and hindered irreversible Br2 reactions for secondary,
non-aqueous Li-Br2 batteries. However, “pre-bromination” of the activated carbon
reduces the surface area and, coupled with brominated electrolytes, shows high
resistances and open-circuit self-discharge capacity losses, leading to reduced overall
capacity.
Therefore, to improve the performance, the internal resistances and open-circuit
capacity losses in the system needs to be reduced. This requires storing and managing
the oxidized Br-species within the pores of carbon electrodes. To accomplish this, carbon
materials with large surface areas and small (micro) pore sizes need to be used. A
previous Li-Br2 battery study has suggested that this is possible. Wang et al. has shown
that LiBr may be fixed into the pores of carbon black material through heterogeneous
nucleation crystallization [91]. While promising, they concluded that low LiBr loading into
the pores of the carbon black led to lower overall energy density of the cells when
compared to traditional Li-ion battery cathodes. Therefore, other high surface area and
porous materials should be considered.
One set of porous materials that seem to have gained popularity in recent years is
metal-organic frameworks (MOFs). MOFs are materials with a modular structure that are
classified by joining metal-containing units with organic linkers to create crystalline
frameworks. Because of the tunable nature of changing the secondary building units and
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organic molecules (metal species and organic linker), they offer structural diversity and a
wide range of possibilities for materials that have tailored properties such as porosity,
surface area, geometry, size, and functionality [124-128]. Figure 5.1 shows a small
sample of MOFs [129] .

Figure 5.1. A unit cell of different MOFs that applied in Li-S batteries.
Applications for these materials and their derivatives range greatly from gas
(hydrogen, methane, carbon dioxide, etc.) storage [124, 125, 130-132], electrocatalysts
in hydrogen evolution, oxygen evolution, and oxygen reduction reactions [125, 126, 128,
133-135], wastewater treatment [126, 136], and sensing [126], to name a few. The wide
variety of MOFs, as mentioned previously, are due to changing the central metal atom
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and/or the organic linker. For example, when the organic linker is constant, but the central
atom is changed, various MOFs can be produced, as seen in Figure 5.2.

Figure 5.2. Various MOFs produced by using a BDC linker and different central metal
atoms.
Changing an organic linker can result in either a change in the symmetry of the
MOF because of various functionalities or the symmetry of the structure is retained, but
the unit cells changes as a result of elongation of the carbon chain of the linker, as shown
in Figure 5.3.
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Figure 5.3. Changes in organic linker that causes unit cell changes or structural changes.
When selecting MOFs for the various purposes, it is important to note that the pore
size is determined by the either the carbon chain length or the number of benzene rings,
and selectivity and/or unique chemical properties of the MOF is dependent on the
substituents and functional groups added to the organic linker.
Once a MOF is selected, synthesis of the MOF needs to be taken into special
consideration as the formation of MOFs is strongly affected by the solvent and presence
of different additives. For example, Hafizovic et al. found that for the same metal atom
and organic linker, an additional introduction of H3O+ or OH- ions can form MOFs with
different compositions [137]. Furthermore, when creating MOFs, one of the most
important steps is the post-synthetic treatments, mainly purification and activation.
Purification involves treatment at elevated temperatures with a solvent to purge excess
or undesirable products, while activation of the materials involves emptying the pores
through heating and vacuum. This emptying is difficult as removal of any inclusions from
the pores could collapse the MOF structure, especially if these included molecules are
strongly bonded to the framework. Understanding this, MOFs are synthesized in a variety
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of

ways,

including:

solvothermal/non-solvothermal,

microwave,

electrochemical,

mechanochemical, and sonochemical methods [126, 128].
Traditional synthesis of MOFs is either solvothermal or non-solvothermal. In both
synthesis routes, the use of solvents (not necessarily water) occurs. Non-solvothermal
synthesis occurs when the central metal atom and organic linker are dissolved into a
solvent with an adjusted pH and the reaction proceeds at elevated temperatures and
atmospheric pressure, commonly at the boiling point of the solvent. Maximum yield of the
precipitate MOF from nucleation is achieved by careful selection of reagent
concentrations. MOFs that have been formed using this type of synthesis include MOF5, MOF-74, MOF-177, and ZIF-8 [128].
Contrary to non-solvothermal synthesis, solvothermal synthesis affords higher
MOF yields with better product crystallinity. In this synthesis, autoclaves are used so that
the precursor materials and the solvent can be heated above the boiling temperature of
the solvent because of the increase in pressure, resulting in enhanced solubility of the
salts. While this type of synthesis occurs at longer reactions times (several hours to
weeks), the slow crystallization ultimately leads to large crystals with high surface area
and is readily reproduceable. Examples of MOFs formed with this synthesis are presented
in Table 5.1 [128].
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Table 5.1. MOFs formed using solvothermal synthesis with reaction temperatures and
times.
MOF

Formula

Reaction
Temperature (°C)

Reaction
Time (h)

MIL-69

Al(OH)(O2C-C10H6-CO2) · H2O

210

16

MIL-122

M2(OH)2[C14H4O8] (M = Al, Ga, In)
M3Al6(PO4)12 · 4 (H3NCH2CH2)3N ·
17 H2O (M = Mg, Mn, Co)
FeII3(OH)2(H2O)4(O3P(CH2)2CO2H)2

210

24

180

36

170

48

180

48

180

720

MIL-74
MIL-38
MIL-65
MIL-64

FeII

· 3 H2O
Al10(PO4)4(HPO4)6F9(H2O)4 · OH · 2
H3N(CH2)3NH3
3(H2O)5(BTC)2

Microwaves synthesis is when electromagnetic radiation with frequencies between
300 and 300,000 MHz is used. Because the energy from microwaves is not sufficient to
cleave chemical bonds in organic compounds, this method is describes the interaction
between the electromagnetic waves and mobile electric charges, in particular polar
solvent molecules or free ions/electrons in a solution or solid [128]. One study compared
the reaction time to create MIL-100 using solvothermal and microwave synthesis.
Chromium (Cr) metal and H3BTC organic linker was dissolved into an aqueous solution
of hydrofluoric acid and placed into an autoclave. It was found that microwave synthesis
reduced the reaction time from 96h to 4h [138].
Electrochemical synthesis uses electrochemical processes to introduce metal ions
to the MOFs. Typically, organic linkers are dissolved into a protic electrolyte (to avoid
reactions with the cathode material) and the metal ions are supplied by the dissolution of
the anode, which initiates a continuous process that avoids anion formation and produces
large amounts of MOF materials. This method was used to synthesis the HKUST-1 MOF
as the H3BTC organic linker was dissolved in methanol and copper anodes and cathodes
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were used. After applying a voltage for 150 minutes, a green-blue precipitate was
deposited onto the anode, which was the HKUST-1 MOF [128].
Mechanochemical synthesis describes a process, such as ball milling, in which the
material intramolecular bonds are broken by mechanical forces that are then followed by
a chemical transformation. Using this method, HKUST-1 was created using copper
acetate and H3BTC in a ball mill without adding any solvents [128]. Yuan et al. found that
HKUST-1 required longer milling times, as 1 min milling times generated a different MOF
and that small amounts of solvent such as acetic acid increases the formation rate of this
other MOF compared to HKUST-1 [139].
Sonochemical synthesis describes the chemical reactions that occur with the use
of ultrasound. The main process which assists the chemical reactions is cavitation, which
is when resonant bubbles generated by the ultrasound act as an agitator that not only
increases the contact between the reagents, but also leads to pressure differences and
thermal impacts that help to break apart particle aggregates, increasing contact area. The
MOF Zn3(BTC)2 was created by mixing zinc acetate and H3BTC organic linker in a 20%
ethanol solution that was sonicated for up to 90 minutes. It was found that after 5 minutes
of sonication, the product yield was as high as 75.3% [128].
Recently, these MOF structures have gained usage in lithium-based battery
technology, which have great implications for use as positive electrodes in Li-O2, Li-S,
and other Li-X chemistries [126, 128, 140, 141]. Herein, a summary of MOFs and carbon
derived from MOF materials used in lithium-based batteries is reviewed. Table 5.2 gives
a brief outlook on MOF technology in batteries [142-144].
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Table 5.2. Summary of MOF and MOF derived cathode materials for Li-ion, Li-O2, and Li-S batteries.
Cathode Material

Battery
Type

Discharge
Capacity (mAh/g)

Charge Rate

Cycles

Operating
Window (V)

MIL-101(Fe)

Li-ion

72

0.2C

100

NR

MPB/RGO (K1.8Mn1.1Fe(CN)6·0.27H2O)

Li-ion

120

30 mA/g

35

NR

Cu-TCA

Li-ion

45.1

0.2C

200

NR

rGO/K2[(VO)2(HPO4)2(C2O4)]

Li-ion

100

0.5C

20

2.5-4.5

Li3V2(PO4)3/C

Li-ion

132

0.1C

30

2.5-4.3

MIL-53(Fe) derived 3D porous
carbon/FeF3·0.33H2O

Li-ion

133

5C

300

1.7-4.5

MIL-101(V) derived carbon coated
Li3V2(PO4)3

Li-ion

113.1

0.5C

1000

3.0-4.8

Porous CoMnO2 MOF derived
nanocubes

Li-O2

500

0.16
mA/cm2

100

2.0-4.5

ZnO/ZnFe2O4 nanocages from Fe(III)MOF-5

Li-O2

5000

300 mA/g

15

2.4-4.3

Li-O2

800

100 mA/g

50

NR

Li-O2

< 2000

50 mA/g

1

2.0-4.5

Mn-MOF-74

Li-O2

9420

50 mA/g

1

2.0-4.5

S/ZIF-8-P-C derived from ZIF-8

Li-S

561

0.2C

100

1.7-2.8

NC-700-S60 derived from ZIF-8

Li-S

394

800 mA/g

400

1.7-2.8

NC-800-S60 derived from ZIF-8

Li-S

511

800 mA/g

400

1.7-2.8

NC-900-S60 derived from ZIF-8

Li-S

496

800 mA/g

400

1.7-2.8

MCP-950/S derived from MOF-5

Li-S

764

0.2C

50

1.8-2.8

AMCP-950/S derived from MOF-5

Li-S

1041

0.2C

50

1.8-2.8

S@ISCF derived from HKUST-1

Li-S

960

0.2C

50

1.8-2.6

S@PCP derived from HKUST-1

Li-S

635

0.2C

50

1.8-2.6

Cr2O3 @OPC derived from MIL-101(Cr)
MOF-5
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Zheng et al. report using a novel Ni-based metal organic framework (Ni-MOF),
Ni6(BTB)4(BP)3 (BTB = benzene-1,3,5-tribenzoate and BP = 4,4′-bipyridyl) as a cathode
in Li-S batteries, as shown in Figure 5.4. Sulfur was infused into the Ni-MOF structure
using a simple melt-diffusion strategy. Coin cells were created with cathodes composed
of sulfur infused Ni-MOF, conductive carbon black, and PVDF binder in an 80:10:10 wt.%
ratio, lithium metal as the anode, and an electrolyte consisting of 1M LiTFSI in a solvent
mixture of DOL and DME (1:1 vol.%). It was found that because of the structure of the NiMOF with its high surface area, soluble polysulfide species are prevented from “leaking”
out of the cathode and causing polysulfide shuttle reactions. This is attributed to the strong
interaction of the Lewis acidic Ni(II) center and polysulfides trapping these soluble
species. Because of this, the battery has an initial discharge capacity of 689 mAh/g at a
0.1C discharge rate and retains 89% of this capacity after 100 cycles. Additionally, from
theoretical binding energy calculations and XPS measurements, it was revealed that the
interaction between the Ni-MOF and polysulfides of various chain lengths have strong
coordination forces occurring on the soluble polysulfide intermediates: Li 2S8, Li2S6, and
Li2S4, which increases the performances of these cells. However, due to the poor
conducting nature of the sulfur and Ni-MOF in the composite, the discharge capacity is
lower than that of carbon-sulfur type composites [145].
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Figure 5.4. Crystal structure of Ni-MOF and cycling performance of this MOF with a
diagram of interaction of polysulfides with the unit cell.
Li and Yin report on Li-S cells using nitrogen-doped carbon spheres, derived from
ZIF-8. The carbon spheres were then treated with sulfur and annealed at 300C for 1 h,
2h, or 3h, as shown in Figure 5.5. Coin cells were constructed using a cathode composed
of the sulfur infused carbon spheres, ethylene carbonate, and LA-132 binder (82:10:8
wt.%), lithium metal as an anode, and an electrolyte consisting of 1M LiPF6 in a solvent
mixture of EC and DMC (1:1 vol.%). It was found that the heating/annealing treatment
sufficiently infiltrates the pores of the carbonized matrix with sulfur and suppresses the
loss of active sulfur due to the formation of soluble polysulfide intermediates. When
comparing the three types of electrodes, the electrodes with shorter annealing times (1h
and 2h) show a loss capacity over time (poor capacity retention), because of S8 in the
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mesopores of the material that causes side reactions, culminating in the production of
large polysulfides. For the cathode annealed for the longest time (3h), the material
exhibits a capacity of 1008.7 mAh/g after 50 cycles and maintains a capacity of 936.5
mAh/g after 100 cycles (with Coulombic efficiency at 100%) at a 335 mA/g discharge rate,
which shows that the material has a 82.6% capacity retention overall. Even with discharge
rates up to 5 A/g, after 50 cycles, this material exhibits a capacity of 632 mAh/g, showing
a superior rate capability and cycling performance [146].

Figure 5.5. Schematic for synthesis of C-S hybrids from ZIF-8 nanocrystals by Li and Yin.
Wu et al. also studied Li-S batteries using carbon derived from the calcination of
ZIF-8 MOF. After carbonization, sulfur was embedded into the pores of the carbonized
MOF in varying amounts with sulfur to carbon weight ratios of 1:1 and 2:1 wt.%.
Additionally, the cells also compared the use of 3 different electrolytes. Coin cells were
constructed using a cathode composed of the sulfur infused carbonized MOF, conductive
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carbon black, and PVDF binder in an 80:10:10 wt.% ratio, a lithium metal anode, and an
electrolyte of consisting of either 1M LiPF6 in EC/DEC (1:1 wt.%), 1M LiTFSI in TEGDME,
or 1M LiTFSI in DOL/DME (1:1 vol.%). When comparing the electrolytes, this study found
that the TEGDME solvent resulted in unstable charge profiles and severe overcharging
possibly due to the dissolution of polysulfide intermediates and the difficulty of converting
Li2S/Li2S2 back to S8 in the micropores of the carbonized MOF. When using the
carbonate-based solvents, the MOF with higher sulfur content showed immediate,
severe, capacity fading which is like other research using other carbon/sulfur composites
due to the reaction between the polysulfide intermediates and the carbonate solvents.
Additionally, the higher weight ratio composite delivered a capacity around 250 mAh/gsulfur in the DOL/DME electrolyte. When using the lower weight ratio composite, after
100 cycles, the capacities were 420 and 490 mAh/g-sulfur in DOL/DME and EC/DEC
electrolytes, respectively, with high Coulombic efficiencies. Their study suggests that
correct sulfur content and preparation are critical to overall performance, as composites
with sulfur not contained in the micropores of the carbon matrix will have inferior
performance and electrolyte compatibilities [147].
Li et al. developed a zinc-iodine (Zn-I2) redox flow battery, as shown in Figure 5.6.
The battery is based on the following overall reactions:
Cathode: I3- + 2e- ↔ 3I- (E0 = 0.536 V vs. SHE)

(Rxn.5-1)

Anode: Zn ↔ Zn2+ + 2e- (E0 = -0.7626 V vs. SHE)

(Rxn.5-2)

Overall: I3- + Zn ↔ 3I- + Zn2+ (E0 = 1.2986 V vs. SHE)

(Rxn.5-3)

In this system, two different high-surface area nanoporous MOFs (MIL-125-NH2
and UiO-66-CH3) were uniformily deposited on graphite felt electrodes to act as
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electrocatalysts. The electrodes were placed inside the precursor solution in an
autoclave, heated to the desired reaction temperature for 4h, cooled to room temperature,
and the resulting electrodes were washed with deionized water several times until MOF
particles were no longer observed in the wastewater stream, then dried for use in redox
flow batteries with an 2M ZnI2 aqueous solution. In this study, while the Coulombic
efficiencies were above 98%, the introduction of the MOFs onto the surface had a
significant influence on the voltage efficiency by reducing the overpotential caused by
minor crossover of active iodide/tiiodide (I-/I3-) ion species. The MIL-125-NH2 MOF
showed better enhancement of energy efficiency values (~6.7%) compared to the UiO66-CH3 (~2.7%) when compared to non-treated electrodes at a discharge rate of 30
mA/cm2, which is attributed to the better acceleration of the I-/I3- redox reaction. Although
MIL-125-NH2 showed higher energy efficiencies, the UiO-66-CH3 showed more stable
cycling performances due to it being more chemically stable in the system [148].

Figure 5.6. Zinc-polyiodide redox flow battery with MOF cathode by Li et al.
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Wu et al. also studied I2-based batteries using carbonized MOF materials for Li-I2
batteries. In this study, ZIF-8 crystals were carbonized and the resulting carbon was
embedded with I2 (carbon to I2 weight ratio 7:3 wt.%) or LiI (carbon to LiI weight ratios of
7:3 or 5:5 wt.%), as shown in Figure 5.7.

Coin cells were created with cathodes

composed of I2/LiI infused carbonized MOF, conductive carbon black, and PTFE binder
in an 70:20:10 wt.% ratio, lithium metal as the anode, and an electrolyte consisting of
4.5M LiTFSI and 0.1M LiNO3 in a solvent mixture of DOL and DME (1:1 vol.%). From the
results, the composite with I2 shows severe capacity decaying is noted after 300 cycles
compared to the other composites. The composite with 50 wt.% LiI, after 800 cycles at a
2C rate, had a capacity of 124.8 mAh/g with high Coulombic efficiency of 99%.
Comparatively, the composite loaded to 30 wt.% with LiI showed capacities of 241 mAh/g
at a 2C discharge rate and maintained a high capacity at 203 mAh/g when increasing the
discharge rate 5 times (10C). Additionally, after 800 cycles at a 2C rate, the battery
showed high capacity retention (only decaying 0.021%) with similar Coulombic
efficiencies to the higher weight composite, which shows that the micro/mesoporous
structure of carbon derived ZIF-8 is confining LiI inside the pores and is an ideal platform
for Li-I2 batteries [149].

Figure 5.7. LiI@MCP hybrid derived from embedding LiI into ZIF-8, and the delitiation
process of LiI@MCP by Wu et al.
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In this chapter, secondary, nonaqueous Li-Br2 batteries will be studied using
carbonized MOFs embedded with LiBr as positive electrodes. In particular, three MOFs
with varying pore sizes and surface areas will be used and assessed based on their
material and electrochemical performances.
5.2 Carbonization and Bromination of MOF Samples
Because MOFs are highly porous materials with distinct structures, carbonization
will lead to materials with defined micro- and mesopores, high surface areas, and,
depending on the organic linker, various heteroatom-doped sites that are beneficial for
increased reversibility and reduction of capacity losses. The MOFs chosen for this study
include ZIF-8, HKUST-1, and MIL-53(Al), purchased from Sigma Aldrich under the trade
names Basolite® Z1200, Basolite® C300, and Basolite® A100, respectively. The
abbreviated name designation is based on a variety of factors including topology and/or
places of discovery. ZIF is an acronym for zeolite imidazole framework, HKUST is an
acronym for Hong Kong University of Science and Technology, and MIL is an acronym
for Materials of Institut Lavoisier. Table 5.3 details a summary of these MOFs including
the chemical formulas, surface areas (as given by the manufacturer), pore sizes, and the
organic linkers, noting that for ZIF-8 the reported surface area is the Langmuir surface
area, while HKUST-1 and MIL(53)-Al is the BET surface area.
To carbonize the MOF structures, several factors need to be taken into
consideration to properly form carbon materials, namely inert gas, target temperature,
temperature ramp rate, time, and post carbonization treatments such as acid-washing.
The most critical parameters in this process are to conduct the carbonization in an inert
atmosphere (typically under argon (Ar) or N2 gas flow) so as not to introduce air into the
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system that can alter the desired carbon structure and the temperature ramp rate so as
not to drastically alter/collapse the carbon matrix.
Table 5.3. Chemical formula, surface area, pore size, and organic linker of chosen MOFs.
MOF

Formula

Surface
Area (m2/g)

Pore
Size (Å)

ZIF-8

C8H10N4Zn

1300-1800*

11.6

HKUST1

C18H6Cu3O12

1500-2100

3,5,8

MIL(53)Al

C8H5AlO5

1100-1500

8.5

Organic Linker

5.2.1 Carbonization of Parent MOFs
For ZIF-8, 2g of the parent material was transferred into an alumina boat and
placed in the center of the horizontal quartz tube inside a tube furnace. The quartz tube
was sealed with the exit line going into an Erlenmeyer flask filled with water to prevent
any back flow of air back into the tube, as shown in Figure 5.8.
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Figure 5.8. MOF carbonization set-up using a tube furnace.
The tube was purged with N2 gas for 30 minutes in order to ensure an inert
atmosphere was reached inside the tube. The material was then heated at a temperature
ramp rate of 5 °C/min to 100 °C (the specified reactivation temperature for ZIF-8 specified
by the manufacturer) and held for 30 minutes at that temperature. This was done to
remove any contaminants such as water or air in the parent material. The sample was
then heated to 1000 °C at a ramp rate of 5 °C/min rate and held for 6 hours at that
temperature to carbonize the sample. Following this, the sample was then cooled to room
temperature at a ramp rate of -5 °C/min (the negative sign implies cooling or a reduction
in temperature). This was done to prevent any strain from cooling that could potentially
collapse any pore formation in the carbon material. After carbonization, the material was
then washed with a 10 vol.% hydrofluoric acid (HF) solution. The carbonized MOF was
placed in a plastic beaker with the solution and was periodically swirled for 1.5 hours

135

before being filtered through a chemically resistant filter paper and rinsed several times
with deionized water to ensure that the concentration of HF was reduced enough for safe
handling. After filtration and washing, the filter paper with the powder was placed onto a
plastic petri dish and placed in a vacuum oven to dry under vacuum at 80 °C overnight.
For MIL-53(Al) and HKUST-1, the same procedure was used with the following
minor adjustments: 1. the inert gas was changed from N2 to Ar 2. after purging the system,
the materials were heated to 200 °C (the specified reactivation temperature for HKUST1 and MIL(53)-Al specified by the manufacturer) at a temperature ramp rate of 5 °C/min.
The materials were held for the same time as ZIF-8 and the process continued following
the guidelines mentioned previously. Following the drying after acid-wash treatment, the
carbonized MOF powders were then analyzed by porosimetry and SEM-EDS.
5.2.2 Bromination of Carbonized MOFs
LiBr salt was embedded into the micro- and mesopores of the carbonized MOFs
through a heterogeneous nucleation crystallization previously conducted by Wang et al.
as mentioned in the introduction of this chapter. The carbonized MOFs were mixed into
a solution of LiBr in 30 mL of anhydrous ethanol solvent. A weight ratio of 2:1 wt.%
carbonized MOF to LiBr salt was used, with the LiBr salt first being dissolved by the
ethanol before adding the carbonized MOFs. The solution was stirred vigorously for 24
hours then gradually heated at 120 °C to drive off the ethanol as to avoid air pockets from
forming. The resulting powder was then transferred into an alumina boat and placed in a
tube furnace to anneal the material. The tube furnace was purged with Ar gas for 30
minutes and was then heated to 200 °C at a ramp rate of 5 °C/min. The temperature was
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held for 2 hours before being cooled back to room temperature at a ramp rate of -5 °C/min.
The resulting powders were then analyzed using porosimetry, XPS, and SEM-EDS.
5.3 Results and Discussion
The BET surface areas, pore size distributions and porous volumes of the
carbonized and brominated carbonized MOF materials were obtained from N2 adsorptiondesorption curves. The carbonized forms of ZIF-8, MIL-53(Al), and HKUST-1 will be
referred to as C-M1, C-M2, and C-M3, respectively. The brominated carbonized forms of
ZIF-8, MIL-53(Al), and HKUST-1 will be referred to as LBC-M1, LBC-M2, and LBC-M3,
respectively. The isotherms and pore size distributions of these samples are shown in
Figures 5.9, 5.10, and 5.11 and the results are tabulated in Table 5.4. Note that for the
pore size distribution curves, the equipment/inert gas limits the range of sizes that can be
reported. As such the data does not include smaller micropores in reporting.
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Figure 5.9. Porosimetry results for C-M1 and LBC-M1 showing a.) adsorption/desorption
isotherms and b.) pore size distribution.
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Figure 5.10. Porosimetry results for C-M2 and LBC-M2 showing a.) adsorption/desorption
isotherms and b.) pore size distribution.
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Figure 5.11. Porosimetry results for C-M3 and LBC-M3 showing a.) adsorption/desorption
isotherms and b.) pore size distribution.
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Table 5.4. Porosimetry results for carbonized and brominated carbonized MOFs showing
the BET surface area, mesoporous and microporous volume, and average mesoporous
diameter.
Sample
C-M1
LBC-M1
C-M2
LBC-M2
C-M3
LBC-M3

SBET (m2/g)
1104.88
27.89
724.25
443.31
62.55
6.95

VMeso (cm3/g) Avg. DMeso (nm) VMicro (cm3/g)
0.40
3.82
0.505
0.08
8.07
0.010
1.76
10.70
0.279
1.17
11.12
0.160
0.13
14.07
0.030
0.05
33.89
0.002

Figure 5.9 compares carbonized ZIF-8 (C-M1) and brominated carbonized ZIF-8
(LBC-M1).

From Figure 5.9a, for C-M1, there is a large increase at lower relative

pressures, signifying a large amount of micropores, while the hysteresis loop in the
midrange of relative pressures is related to mesopores. The C-M1 has very similar
adsorption/desorption isotherms as the activated carbon used in Chapter 4, which was
designated by IUPAC conventions as showing “H4” hysteresis behaviors that is
associated with micro- and mesoporous materials. The disappearance of the vertical rise
at P/P0 ~0 indicates the disappearance of micropores, which agrees with the micropore
volume results in Table 5.4 showing the microporous volume decreases to 0. A
conclusion can be drawn that LiBr is successfully impregnated into the pores of the carbon
matrix, thus forming a homogenous nanocomposite. Also, upon bromination, all regions
of the isotherm significantly decrease as seen with LBC-M1, suggesting pore filling. When
comparing the pore size distributions of C-M1 and LBC-M1 in Figure 5.9b, there is a
decrease in the distribution, signaling that LiBr is filling the micropores and small
mesopores of the material.
Figure 5.10 compares carbonized MIL-53(Al) (C-M2) and brominated carbonized
MIL-53(Al) (LBC-M2). Like the C-M1 sample, the C-M2 isotherm in Figure 5.10a shows
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an increase in the low relative pressures which is related to the micropores as can be
seen in the pore size distribution plot. However, the uptake is lower than C-M1, indicating
that there is a lower amount of micropores compared to C-M1. Furthermore, when
comparing the hysteresis loop of C-M2 to C-M1, the loop shifted toward the higher relative
pressure range, relating to larger mesopores and behaves as a combined “H2” and “H3”
material, according to IUPAC [98]. Unlike the LBC-M1 sample, upon bromination, the
LBC-M2 isotherm does not significantly decrease, however, the decrease in the quantity
of N2 adsorbed indicates that there is still filling of pores with LiBr. When comparing the
pore size distributions of C-M2 and LBC-M2 in Figure 5.10b, there is a decrease between
the brominated version and the unbrominated version, again indicating the filling of the
pores with LiBr. Interestingly when comparing the pore size distribution of C-M2 to the
other carbonized MOFs, the C-M2 sample has a larger pore distribution throughout the
micro- and mesoporous region, than the other MOF types, which are primarily
microporous with a narrow smaller mesopore region.
Figure 5.11 compares carbonized HKUST-1 (C-M3) and brominated carbonized
HKUST-1 (LBC-M3). When viewing the isotherm of C-M3 in Figure 5.11a, it is interesting
to note that it is similar to C-M1, with the exception of the large increase at low relative
pressures, and the overall quantity of N2 adsorbed is drastically lower than C-M1.
Bromination of the sample, while decreasing the amount of N2 adsorbed, is less drastic
than the M1 samples, suggesting that the C-M3 material is less porous than C-M1 and CM2. The pore size distribution in Figure 5.11b again shows similarities to the M1 samples
in that the range of pore sizes for C-M3 is greatest towards the microporous region and
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has a narrow hump in the smaller mesoporous region, and LBC-M3 shows a decrease in
these regions, suggesting pore filling with LiBr.
When comparing the porosimetry data from Table 5.4, it is shown that bromination
decreases the overall BET surface area by 97%, 39%, and 89% for M1, M2, and M3
samples, respectively. This decrease in surface area is divided into 2 categories:
microporous and mesoporous filling. When comparing the volume of the micro and
mesopores for each sample, bromination decreases the micropore volume by 98%, 43%,
and 93% and decreases the mesopore volume by 80%, 34%, and 62%, for M1, M2, and
M3 samples, respectively. The filling of these pores causes shifts to the average pore
sizes as can be seen from the average mesopore sizes. These results suggest that for
the M1 and M3 samples, LiBr is readily adsorbed into the micropores and small
mesopores, while there is a wider distribution of filling into the pores for the M2 samples.
Another notable distinction is the BET surface areas of C-M1 and C-M2 compared to CM3, which are pointedly larger than the surface area of C-M3. As mentioned previously,
carbonization is affected by various factors such as temperature ramp rate, overall
temperature, inert gas, and amount of sample being carbonized. Other works have
suggested that the low surface area could have arose from the amount of sample being
carbonized, recalling that for each sample 2 g of parent material was carbonized at once.
Yan et al. carbonized several MOF samples for use as supercapacitor materials and
noted that for HKUST-1, the reported surface area was similar to this study, at 50 m 2/g.
This study also used a larger amount of material to carbonize and theorized that the low
surface area and pore volume were because of inhomogeneous heat transfer during the
carbonization [150]. Guo et al. also found that carbonization of HKUST-1 results in lower
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BET surface areas (179 m2/g) and suggested that this can be ascribed to the collapse of
the framework structure and the increase of the Cu mass ratio as a result of the
decomposition [151].
In general, there is a trend with all untreated and brominated carbon samples.
Namely, a decrease in value from untreated to brominated samples regarding BET
surface area, mesopore volume, and micropore volumes, while the average pore size
increases. As LiBr is filling the micro- and mesopores of the samples this reduces the
surface area and as the pores are filled the volumes of said pores will also decrease.
However, as the pores are filled, in particular the smaller pores, this will cause a shift to
higher pore sizes. These trends are documented in other works with regards to Li-S and
Li-I2 batteries.
While the porosimetry results suggest that the micro- and mesopores of the
carbonized materials are being filled, XPS was conducted to ensure that LiBr is the
species that is filling the pores and to determine the other component bonding could affect
the electrochemical performance of these brominated MOF materials. Figures 5.12, 5.13,
and 5.14 show the XPS spectra of the brominated carbonized MOFs LBC-M1, LBC-M2,
and LBC-M3. Note that the Zn 2p1/2, Al 2p1/2, Cu 2p1/2, and Br 3d3/2 peaks are omitted for
clarity.
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Figure 5.12. XPS spectra for LBC-M1 showing a.) C1s, b.) N1s, c.) Zn2p, and d.) Br3d peaks.
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Figure 5.13. XPS spectra for LBC-M2 showing a.) C1s, b.) Al2p, c.) F1s, and d.) Br3d peaks.
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Figure 5.14. XPS spectra for LBC-M3 showing a.) C1s, b.) Cu2p, c.) O1s, and d.) Br3d peaks.
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Figure 5.12 is a collection of XPS spectra for LBC-M1, emphasizing the C1s, N1s,
Zn2p, and Br3d peaks. Analysis of the C1s plot in Figure 5.12a shows that the peaks at
binding energies of 284.8 and 290.99 eV are associated with C-C/C=C and C=O bonding,
while the peaks at 285.53 and 287.76 eV are associated with two types of C-N bonding.
From the N1s plot in Figure 5.12b, the peaks at 401.30 and 398.71 eV represent pyrrolic
and pyridinic N bonding, respectively. The pyrrolic N-bonding is attributed to the nitrogen
in the five-member organic linker ring and the pyridinic N-bonding is attributed to nitrogen
atoms located at the edges of the graphitic carbon layer by replacing a C atom in the C 6
ring [115, 146, 149, 152].
The Zn2p plot in Figure 5.12c shows a 2p3/2 peak at 1022.31 eV, which is
associated with Zn-Br bonding. This suggests that during the carbonization and acidwashing processes not all the metallic Zn was released from the MOF structure and the
residual metallic species then reacted with the Br species when LiBr was introduced into
the matrix during the bromination step. Lastly, the Br3d peak in Figure 5.12d shows a
broad peak around 68.6 eV that can be deconvoluted into 2 different species with 3d 5/2
peaks at 69.06 and 68.13 eV. These peaks correspond to Zn-Br bonding as was
suggested from the Zn2p spectra and LiBr, respectively, with the LiBr representing 84
at.% of the Br species present [115].
Figure 5.13 is a collection of XPS spectra for LBC-M2, emphasizing the C1s, Al2p,
F1s, and Br3d peaks. Analysis of the C1s plot in Figure 5.13a shows that the peaks at
284.8, 285.21, 286.70, and 289.20 eV represent C-C, C=C, C-O-C, and O-C=O,
respectively. From the Al2p plot in Figure 5.13b, two different Al bonded compounds
emerge at 2p3/2 peaks of 75.91 and 74.75 eV, corresponding to Al-F and Al-Br bonding,
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respectively. To confirm this, the F1s peak observed in Figure 5.13c at 686.86 eV
suggests Al-F bonding. Lastly, in Figure 5.13d, the Br3d peak centered at 68.84 eV can
be deconvoluted into 2 different species with 3d5/2 peaks at 69.07 and 68.61 eV. These
peaks correspond to Al-Br bonding and LiBr, respectively, with the LiBr representing
72.19 at.% of the Br species present [115]. As with LBC-M1, there were undesired side
reactions with the residual metallic Al in the carbon matrix. Firstly, the observed Al-F
bonding can be attributed to the acid-washing step, in which the HF acid bonded with Al
but was not able to be released from the carbon matrix. Subsequently, the Al-Br bonding
can be attributed to the reaction between the remaining Al and LiBr during the bromination
step.
Figure 5.14 is a collection of XPS spectra for LBC-M3, emphasizing the C1s, Cu2p,
O1s, and Br3d peaks. Analysis of the C1s plot in Figure 5.14a shows that the peaks at
284.8, 288.96, and 286.27 eV correspond to C-C/C=C, C=O, and C-O-C, respectively.
From the Cu2p plot in Figure 5.14b, two different Cu compounds emerge at 2p3/2 peaks
of 932.32 and 934.72 eV, corresponding to pure metallic Cu and a mixed CuO/CuCO 3
bond, respectively. The satellite peaks in the spectrum are associated with CuO species,
but the 2p3/2 peak is shifted into binding energies that are associated with CuCO3 bonding,
which can be attributed to the interactions between the Cu metal and the
benzene.1,3,5.tricarboxylic acid (BTC) organic linker. To confirm this type of bonding, in
Figure 5.14c, the O1s peaks observed at 531.54 and 533.72 eV suggest the presence of
CuO and CuCO3 bonding. Lastly, the Br3d peak in Figure 5.14d only contains one
component that appears at 68.61 eV, corresponding to the formation of LiBr, meaning
that 100 at.% is associated with this type of Br-species [115].
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From the results of porosimetry and XPS, it is clear that LiBr is embedded into the
pores of the carbonized MOF powders, but because LiBr is not the only Br related
species, and in order to normalize the electrochemical data to the amount of LiBr in the
system, SEM-EDS was conducted. By combining the results of SEM-EDS with XPS, the
weight percent of LiBr in the powders can be calculated and the electrochemical data can
be normalized to these values. Figures 5.15, 5.16, and 5.17 show the carbonized and
brominated carbonized MOF SEM images and the elemental mapping of carbon,
bromine, and the precursor metal for LBC-M1, LBC-M2, and LBC-M3.
Figure 5.15a and 5.15b are SEM images of C-M1 and LBC-M1, respectively. From
the images, the carbonization process led to agglomerations of polyhedron structures,
and the subsequent bromination, although similar to the non-brominated version, does
show more harsh lined features compared to C-M1. EDS elemental mapping was
performed on the image in Figure 5.15c, focusing on C, Br, and Zn species. As shown in
Figure 5.15e, the Br species is well dispersed across the powders and has a higher
intensity than the Zn species in Figure 5.15f.
Figure 5.16a and 5.16b are SEM images of C-M2 and LBC-M2, respectively.
These figures display no notable differences between the unbrominated and brominated
versions. Comparing these powders to C-M1 and LBC-M1, the carbon particles appear
to be larger in size with no distinct cubic/polyhedron type definition. EDS elemental
mapping was performed on the image in Figure 5.16c, focusing on C, Br, and Al species.
As shown in Figure 5.16e and Figure 5.16f, the Br and Al species are well dispersed
across the powders, indicating a larger amount of metallic species than that of LBC-M1.
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Figure 5.15. SEM-EDS results for C-M1 and LBC-M1. Figure shows the SEM of C-M1
and LBC-M1 (a-b) and the EDS results for LBC-M1 focusing on C, Br, and Zn (c-f).
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Figure 5.16. SEM-EDS results for C-M2 and LBC-M2. Figure shows the SEM of C-M2
and LBC-M2 (a-b) and the EDS results for LBC-M2 focusing on C, Br, and Al (c-f).
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Figure 5.17. SEM-EDS results for C-M3 and LBC-M3. Figure shows the SEM of C-M3
and LBC-M3 (a-b) and the EDS results for LBC-M3 focusing on C, Br, and Cu (c-f).
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Figure 5.17a and 5.17b are SEM images of C-M3 and LBC-M3, respectively. From
the images, carbonization led to the development of distinct polyhedron structures.
However, unlike M1 and M2 samples with no noticeable differences between the
unbrominated and brominated powders, LBC-M3 is distinctly different than C-M3 in that
the bromination process appears to lead to an encapsulation of the polyhedron carbon
structure with LiBr. To show this, EDS elemental mapping was performed on the image
in Figure 5.17c, focusing on the C, Br, and Cu species. Unlike LBC-M1 and LBC-M2,
which have a high prevalence of C, the C from Figure 5.17d in LBC-M3 is hardly
noticeable. While Figure 5.17f shows a high prevalence of Cu species in the material like
the LBC-M1 and LBC-M2 counterparts, the Br species in Figure 5.17e also differs greatly
from LBC-M1 and LBC-M2 in that the Br species shows a distinct pattern that
compliments the idea that LiBr has encapsulated the carbonized MOF structure. Table
5.5 summaries the quantitative results from SEM-EDS and the calculated weight percent
of LiBr in the carbonized MOF structures.
Table 5.5. SEM-EDS results for brominated carbonized MOFs and the weight percent of
LiBr in the carbon structure.
Element
C
N
O
F
Br*
Al
Cu
Zn
Wt.% LiBr

LBC-M1
At.%
81.79
3.26
7.95
1.72
4.27
0
0
0.2
22.65

LBC-M2
At.%
75.32
1.31
10.96
4.59
2.58
4.24
0
0
14.00
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LBC-M3
At.%
37.4
0
29.5
0
12.9
0
20.2
0
33.69

Note that for the reported Br species, the atomic percentage is for Li-Br bonding.
Comparing the results, the amount of carbon for each sample decreases according to
LBC-M1 > LBC-M2 > LBC-M3, while there is an inverse relationship with the precursor
metal as the amount of metal decreases according to LBC-M3 > LBC-M2 > LBC-M1. It is
interesting to note that the residual metal in the carbonized materials follows the same
trend in regard to the boiling point temperature of the metal species. The boiling point of
the metals decreases according to Cu > Al > Zn, with boiling points at 2595 °C, 2470 °C,
and 907 °C, respectively [153]. Therefore, because of the carbonization temperature
(1000 °C), most of the Zn metallic species is taken away during the carbonization process.
Even with acid washing, most of the other metallic species are still present indicating the
metals are more incorporated into the carbon matrix and therefore more difficult to
remove/requires a more aggressive form of acid-washing.
The amount of Br in the samples decreases according to LBC-M3 > LBC-M1 >
LBC-M2. As mentioned previously, to accurately compare the electrochemical
performance (cycling data) of each MOF type, the samples need to be normalized to a
common factor, being the mass of LiBr by converting the atomic percentage to weight
percentage using the equations described in Chapter 3. However, because SEM-EDS
elemental mapping only gives information about the amount of a specific species in the
scanning window, the XPS data for the Br3d peak (the at.% of each element) was used
to accurately determine the amount of Br species that is related to LiBr. Recall that for
LBC-M1, LBC-M2, and LBC-M3 the at.% for Li-Br bonding was 84%, 72.19%, and 100%.
With this, the weight percent of LBC-M1, LBC-M2, and LBC-M3 was calculated to be
22.65%, 14%, and 33.69%.
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For electrochemical testing, CV was performed to give an idea of the
electrochemical behavior of the system and to determine where the oxidation-reduction
potentials occur. Figure 5.18 shows the cyclic voltammograms for the brominated MOFs
and the results are tabulated in Table 5.6.

Figure 5.18. Cyclic voltammograms of the brominated carbonized MOFs.
Table 5.6. CV results for brominated carbonized MOFs.
Sample
LBC-M1
LBC-M2
LBC-M3

Epa (V)
3.623
3.702
3.730

Epc (V)
3.379
3.333
3.336

E0' (V)
3.501
3.518
3.533

Epa - Epc (V) ipa/ipc
0.244
1.267
0.369
1.141
0.394
1.394

From Table 5.6, while the formal redox potentials (E0’) are relatively similar for each
sample, the peak separation between anodic and cathodic peaks increases as LBC-M1
< LBC-M2 < LBC-M3. This separation suggests that LBC-M3 will behave less reversibly
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than LBC-M2 and LBC-M1, as was seen in Chapter 4. Additionally, while the cathodic
peak voltage is relatively similar between all the samples, the anodic peak voltage
increases as LBC-M1 < LBC-M2 < LBC-M3. This shifting of the oxidation voltage is
attributed to higher resistances in the system as suggested by Takemoto et al., which will
ultimately decrease the cycling performance of the battery [104]. Again, as in Chapter 4,
from Figure 5.18 there appears to be a slight pseudocapacitance behavior as there is a
separation between the capacitive region. To estimate the degree of pseudocapacitance
in the cells, the 5C discharge rate cycling behavior, comparable to a 1 mV/s scan rate,
for each sample was analyzed and the region separating the non-Faradaic and Faradaic
charge was determined as shown in Figure 5.19.

Figure 5.19. Discharge curves at a 5C rate separating the non-Faradaic and Faradaic
charge for LBC-M1, LBC-M2, and LBC-M3 positive electrodes.
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From Figure 5.19, the non-Faradaic region accounts for roughly 23%, 20%, and
24% for LBC-M1, LBC-M2, and LBC-M3, respectively. This suggests there is a slight
pseudocapacitance in the system, but the overwhelming majority of the battery capacity
is controlled by Faradaic behavior, similar to the results of Chapter 4.
To assess the overall battery performances, multiple charge-rate and multiple
cycling studies were completed on the cells. The results of the multiple charge-rate testing
are seen in Figures 5.20, 5.22, and 5.24 and the results of the multiple cycling testing are
seen in Figures 5.21, 5.23, and 5.25 for LBC-M1, LBC-M2, and LBC-M3, respectively.
From Figure 5.20a, for LBC-M1, the average discharge capacities at the initial 1C,
2C, 5C, and final 1C rate are 268, 217, 200, and 254 mAh/g-LiBr with an average
Coulombic efficiency of 97, 97, 98, and 98%, respectively. The average discharge
capacity decreases 19% from a 1C to 2C charge rate and 8% from the 2C to 5C charge
rate. Comparing the initial 1C and final 1C charge rate cycles, the average discharge
capacity only decreases by 5%. The discharge capacity-voltage profiles in Figure 5.20b
show similar behaviors over differing charge rates, with the voltage plateau becoming
slightly shortened at higher charge rates. From the cycling profiles, we can see that the
overall shape is maintained even at high charge rates, with a discharge potential (the
point at which the middle plateau changes slope) is 3.39 V vs Li/Li+ for the 1C charge rate
and 3.34 V vs. Li/Li+ for the 5C charge rate. From Figure 5.21a, for the multiple cycling
experiment, the initial discharge capacity is 305 mAh/g-LiBr and the final discharge
capacity is 267 mAh/g-LiBr, corresponding to an 88% capacity retention. The overall
average Coulombic efficiency is 98% during the duration of 100 cycles.
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Figure 5.20. Multiple charge-rate for LBC-M1 positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency at each C-rate and b.)
discharge voltage and capacity profile for each C-rate.
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Figure 5.21. Multiple cycling at a 1C rate for LBC-M1 positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency and b.) discharge voltage
and capacity profiles for the 1st, 25th, 50th, 75th, and 100th cycle.
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Figure 5.22. Multiple charge-rate for LBC-M2 positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency at each C-rate and b.)
discharge voltage and capacity profile for each C-rate.
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Figure 5.23. Multiple cycling at a 1C rate for LBC-M2 positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency and b.) discharge voltage
and capacity profiles for the 1st, 25th, 50th, 75th, and 100th cycle.
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Figure 5.24. Multiple charge-rate for LBC-M3 positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency at each C-rate and b.)
discharge voltage and capacity profile for each C-rate.
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Figure 5.25. Multiple cycling at a 1C rate for LBC-M3 positive electrode. Figure shows a.)
charge/discharge specific capacity and Coulombic efficiency and b.) discharge voltage
and capacity profiles for the 1st, 25th, 50th, 75th, and 100th cycle.
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From Figure 5.22a, for LBC-M2, the average discharge capacities at the initial 1C,
2C, 5C, and final 1C rate are 293, 256, 230, and 280 mAh/g-LiBr with an average
Coulombic efficiency of 94, 98, 99, and 98%, respectively. The average discharge
capacity decreases 12% from a 1C to 2C charge rate and 10% from the 2C to 5C charge
rate. Comparing the initial 1C and final 1C charge rate cycles, the average discharge
capacity only decreases by 4%. From the cycling profiles, we can see that the overall
shape is maintained even at high charge rates, with a discharge potential (the point at
which the middle plateau changes slope) is around 3.39 V vs Li/Li+ for the 1C charge rate
and 3.36 V vs. Li/Li+ for the 5C charge rate. From Figure 5.23a, for the multiple cycling
experiment, the initial discharge capacity is 309 mAh/g-LiBr and the final discharge
capacity is 224 mAh/g-LiBr, corresponding to a 72% capacity retention. The overall
average Coulombic efficiency is 93% during the duration of 100 cycles.
From Figure 5.24a, for LBC-M3, the average discharge capacities at the initial 1C,
2C, 5C, and final 1C rate are 118, 90, 73, and 98 mAh/g-LiBr with an average Coulombic
efficiency of 91, 94, 94, and 90%, respectively. The average discharge capacity
decreases 24% from a 1C to 2C charge rate and 19% from the 2C to 5C charge rate.
Comparing the initial 1C and final 1C charge rate cycles, the average discharge capacity
decreases by 17%. From the cycling profiles, we can see that the overall shape is
maintained even at high charge rates, with a discharge potential (the point at which the
middle plateau changes slope) is around 3.39 V vs Li/Li+ and 3.32 V vs. Li/Li+ for the 5C
charge rate. From Figure 5.25a, for the multiple cycling experiment, the initial discharge
capacity is 104 mAh/g-LiBr and the final discharge capacity is 76 mAh/g-LiBr,
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corresponding to a 73% capacity retention. The overall average Coulombic efficiency is
94% during the duration of 100 cycles.
Table 5.7 summarizes the average Coulombic efficiency, voltage efficiency, and
energy efficiency of LBC-M1, LBC-M2, and LBC-M3 for the multiple cycling experiments.
Table 5.7. Electrochemical performance of brominated carbonized MOF samples for 100
cycles at a 1C charge rate.
Sample
LBC-M1
LBC-M2
LBC-M3

Coulombic
Efficiency (%)
97.5
92.9
93.7

Voltage
Efficiency (%)
95.2
95.8
95.4

Energy
Efficiency (%)
92.8
89.0
89.4

As reported, the LBC-M3 positive electrodes, while maintaining higher Coulombic
efficiencies, had worse overall capacity than the other brominated carbonized MOF
materials. From the materials analysis, it is evident that the collapse of the MOF structure
during carbonization hindered the formation of pores to the point that when brominated,
the LiBr seemed to encapsulate the carbon matrix. This would inevitably cause
performance issues such as active material losses, like that in Chapter 4, as this LiBr
would readily dissolve in the electrolyte to participate in side-reactions. Therefore,
improvements to the carbonization process is essential to form structures with high
surface areas and better micropore pore volumes.
Although the performance of the brominated carbonized MOF cells is superior
compared to the activated carbon electrodes presented in Chapter 4, the slow capacity
fading is still a problem that warrants investigation. Therefore, a cycling rest experiment
and EIS were conducted to both the LBC-M1 and LBC-M2 electrodes, using the exact
procedure described in Chapter 4. LBC-M3 electrodes were not investigated because of
the poor overall capacity results, which can be attributed to the collapsed carbon structure
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upon carbonization and the resulting encapsulation of LiBr that was predicted to lead to
these poor performances. The results of the cycling rest experiment are shown in Figure
5.26, and the EIS results are shown in Figure 5.27 and tabulated in Table 5.8.
From Figure 5.26b, the voltage drop was 10.2 mV and 28.8 mV for LBC-M1 and
LBC-M2 positive electrodes corresponding to an average voltage loss of 0.425 mV/h and
1.2 mV/h, respectively. This suggests that embedding Br-species into the pores of
carbonized MOFs has high stability due to the fixation in the pores and has greater
stability than those of Chapter 4. It was also found, from Figure 5.26a, that the average
open circuit self-discharge capacity loss from LBC-M1 was around 1%, while the loss
from LBC-M2 was around 2%, again, significantly less than the AC and 1.25D electrodes
in Chapter 4. Furthermore, in the cycles following the 24h rest, the capacity was regained
unlike the electrodes in Chapter 4. The retention of active material after resting shows the
superiority of fixing the active Br-species into the micropores of the carbonized MOF
materials. However, as shown from the multiple cycle data, capacity does fade overtime.
As described previously, the losses in capacity could be a result of the Br-species
diffusing out of the mesopores of the materials, as with LBC-M2, there is a slightly higher
amount of losses compared to LBC-M1, and this material had a wider range of mesopores
that were filled compared to LBC-M1.
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Figure 5.26. Results from the 24 h rest after 20 cycles at a 1C charge rate. Figure shows
a.) the average capacity loss after the rest for the brominated carbonized MOFs and b.)
the voltage drops during the 24 h rest period for the brominated carbonized MOFs and
Chapter 4.
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Figure 5.27. EIS specta for LBC-M1 and LBC-M2 positive electrodes before and after
cycling at a 1C rate for 20 cycles.
Table 5.8. Pre-cycling and post-cycling EIS results for LBC-M1 and LBC-M2.
Electrode
LBC-M1
LBC-M2

Condition

Rs (Ω)

Rct (Ω)

Pre-Cycle
Post-Cycle
Pre-Cycle
Post-Cycle

18.01
32.96
15.24
41.25

126.6
136.8
119.1
142.6

From the impedance results in Figure 5.27 and Table 5.8, the solution resistance
of the brominate carbonized MOFs is low before cycling and only slightly increases after
20 cycles, while the charge-transfer resistance is higher but only slightly increases (by
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8.1% and 19.7% for LBC-M1 and LBC-M2) after the 20 cycles. For the Li-I2 batteries using
carbonized ZIF-8 MOF described earlier in this chapter, the EIS results are very similar
[149]. Zheng et al. using Ni-MOF also noticed somewhat high impedance values and
showed that overtime the impedance would decrease as the surface wettability increased,
since the MOFs used in this research formed aggregate particles [145]. For LBC-M2, the
slightly higher solution resistance and charge-transfer resistance could be due to the LiBr
found in the mesopores of the material, as was described by Li et al. who found that with
Li-S batteries, the materials with S species in the mesopores hindered electron transfer,
since rapid Li+ diffusion into the material is more favorable towards the mesopores but
less conductive materials can hinder the transfer rate [146].
From these results, the best electrochemical performances were seen with LBCM1 and LBC-M2, with LBC-M1 showing greater Coulombic efficiencies and capacity
retention, which can be attributed to several factors including pore size distribution of the
MOF materials and heteroatom-doping of the carbonized MOF materials.
With regards to pore size distribution, from the porosimetry results, LBC-M1 had a
larger amount of micropores with a narrow range of small mesopores, while the LBC-M2
materials had a wide pore distribution from the micropore to the larger mesopore region.
It is theorized that materials with LiBr deposited into the mesopore region would
experience worse electrochemical performances because the electroactive species
would diffuse out of the mesopores into the bulk of the electrolyte that could then
contribute to irreversible side reactions.
Consider the studies of MOFs with Li-S and Li-I2 batteries. Li et al. carbonized ZIF8 MOF and treated the carbon material with S8 to fix the S molecules into the pores of the
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carbonized MOF. Following this, the S-embedded MOF was annealed at 300 °C for either
1, 2, or 3 hours. From porosimetry results, the S-embedded MOF materials reduced the
surface area and the pore volumes similar to this study. that was annealed the longest
had the highest BET surface area and mesopore volume. However, at longer annealing
times, the mesoporous volume increases to the value of just the carbonized MOF, while
the microporous volume remains the like the other S-embedded MOF materials (lower
than that of the carbonized MOF). This indicates that excess S is being evaporated from
the mesopores. Owing to the size of the polysulfide species, it was hypothesized that
confinement in the micropores leads to smaller S2-4 molecules (as S5-8 molecules cannot
exist in the micropores due to their sizes relative to the micropore size of 0.5 nm) and can
avoid the formation of higher order polysulfide species. When cycling, the materials with
shorter annealing times experienced large irreversible capacities as the presence of
unstable S8 molecules in the mesopore region of 22 nm would form soluble higher order
polysulfides and participate in side reactions with the electrolyte [146].
For Li-I2 batteries, Wu et al. carbonized ZIF-8 MOF and embedded LiI into the
pores of the carbonized MOF material. In this study, the mass loading of LiI into the
carbonized MOF was varied corresponding to a 30% and 50% loading into the pores of
the material. As with C-M1, the carbonized MOF in this study showed a large micropore
size distribution and a narrow mesopore distribution at small mesopores (~ 2 nm). After
carbonization, the ZIF-8 material showed a BET surface area of 1302.9 m 2/g, while
embedding the material with 30% and 50% LiI lead to BET surface areas of 404.1 and
207.3 m2/g, corresponding to a 69% and 84% reduction in surface area, respectively.
However, the larger wt.% LiI-embedded carbon also filled the mesopores to a higher
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extent. The electrochemical performance showed that for the higher mass loading of LiI,
the capacity, Coulombic efficiency, and capacity retention was lower than the electrodes
with lower mass loading of LiI, and it was suggested this was due to the amount of LiI
within the mesopores of the material [149]. Wang et al. also showed this behavior when
embedding LiI into the pores of conductive carbon black, suggesting that around 50
mAh/g-LiI is lost due to LiI species diffusing from the mesopores of carbon black into the
bulk electrolyte [82].
The other explanation for improved performances is attributed to heteroatom
doping of the carbon material. Heteroatom doping refers to a process in which carbon
atoms are replaced by various other atoms (e.g. N, S, B, P) within a carbon structure.
Various studies with Li-S, Zn-Br2, and Li-I2 batteries have shown that carbon structures
with various types of heteroatom doping have led to enhanced electrochemical
performances. Li et al. in studying Li-S batteries found that N2-doping promotes the
formation of bonding between S and O2 functional groups, leading to firm confinement of
S species in the pores of the carbonized MOF materials [154].
Xiang et al. studied the effects of N2-doped carbon for Zn-Br2 flow batteries. In this
study, carbon spheres were etched with ammonia gas at high temperatures (900 °C, 1000
°C, and 1100 °C) to produced N-doped carbon spheres for use as cathode materials. This
doping resulted in high concentrations of various N-bonding including pyridinic-N,
graphitic-N, and oxide-N bonds. From electrochemical experiments it was found that the
N-doped carbon materials improved electrochemical performances by increasing the
specific surface area which favors mass transfer of active species and by creating
electrocatalytic active sites for redox reactions. As a result, for Zn-Br2 flow batteries, they
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found that N-doped carbon spheres treated at 1000 C showed voltage efficiencies of 83%
and energy efficiencies of 82.5% at a current density of 80 mA/cm2 over 200 cycles [152].
Several studies into the effects of heteroatom doping have been performed with
Li-I2 battery chemistry. Kim et al. incorporated LiI into the pores of reduced graphene
oxide (rGO) as cathode material in Li-I2 batteries using an ethanolic solution with LiI.
Analysis of this process found that LiI uniformly coats the rGO surface. From XPS
analysis, the O1s peak shifted to higher binding energies with LiI incorporation due to the
fact that Li+ is attracted to O2. It is found that interaction between the residual O 2 in the
rGO and Li in the LiI improves adsorption of LiI on the rGO during cycling. After 100 cycles
at a 0.5 C charge/discharge rate, the specific capacity of the rGO with LiI was 200 mAh/g.
Furthermore, when the materials were cycled at multiple charge rates (1C to 2C to 5C to
1C), it was found that most of the capacity was recovered in the final 1C charge rate after
increasing the charge rate 5-fold. It is theorized that at higher charge rates, there is not a
sufficient amount of time or active material for I 2-species shuttling and reaction with Li
metal. However, at the lower charge rates, post cycling analysis of the Li metal anode
found that capacity decay was due to shuttling reactions resulting in loss of active
materials. As a concluding remark, the authors state that further engineering of the rGO
material by increasing O2 content or doping the material with another element can
increase the performance of Li-I2 batteries [155].
Li et al. also anchored I2-species into carbon materials by using N2 heteroatom
doping. The cathode carbon material was engineered to have specific structures in that
hollow carbon spheres and hollow carbon folded hemispheres by carbonizing a nitrogen
infused mixed gel at 800 °C in Ar for 3 h. I2 was incorporated into the carbon materials
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through vapor-phase methodologies. The resulting carbon materials contained a
significant amount of N-species which are favorable electrochemically active sites, in that
this heteroatom doping produced defect sites in the carbon host, increasing the polar
surface of the carbon. This increase in polarity facilitates stronger interactions between
the carbon host and I2. For the N-doped carbon folded hemisphere materials, after cycling
at a 0.5C charge rate over 200 cycles, the material retained 86% of its initial capacity. It
was suggested that the bonds between the N-doped carbon and I2 is a result of physical
and chemical effects in that physical adsorption immobilizes I2 species into the pores of
the material and chemical adsorption contributes to the interactions between the I 2 and
carbon [156].
Lu et al. created hierarchically porous carbon matrix co-doped with N2 and
phosphorous (P) for use as cathodes in rechargeable Li-I2 batteries. The carbon was
prepared by pyrolyzing polyaniline coated cellulose wiper with phytic acid as a P-source.
I2 was loaded into the resulting carbon by immersing the powder into an iodine saturated
aqueous solution. The I2-species was incorporated inside the carbon by energetic
capillary action. Advantages to this material include effective physical barriers to prevent
the dissolution of I2-species and efficient pathways for electron transfer because of the
highly conductive carbon skeleton. As with the previous studies, heteroatom doping leads
to edge/surface defects that facilitates I2 adsorption in the form of amorphous I2. This is
seen in the shift of binding energies for I3d peaks in XPS. Computational results using
DFT and molecular dynamics (MD) show that the synertistic effect of N and P-doping
improves the adsorption energy of I2-species onto the graphene surface, which translates
into enhanced stability of I2-species. Additionally, these strong interactions lower the
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surface tensile against the carbon structure, leading to higher I2 loading. After 2000 cycles
with a charge/discharge rate of 500 mA/g, the N and P-doped I2 carbon cathode retained
84.5% of the initial capacity at 286 mAh/g. This excellent performance is attributed to the
strong anchoring that limits the shuttling effect and enables fast kinetics [157].
Overall, the use of carbonized MOF materials significantly improved the Coulombic
efficiency and capacity retention of Li-Br2 batteries and show high specific capacities and
formal potentials that can deliver high energy and power densities. Table 5.9 shows the
results of energy and power density for LBC-M1 and LBC-M2 based on the multiple
charge-rate cycling performance.
Table 5.9. Average specific energy and power density at various C-rates for LBC-M1 and
LBC-M2.

Sample

LBC-M1

LBC-M2

Charge
Rate
1C
2C
5C
1C
2C
5C

Average
Energy
Density
(Wh/kgLiBr)
910.2
728.8
668.7
995.8
866.1
773.6

Average
Power
Density
(W/kgLiBr)
801.1
1375.6
1771.1
926.3
1612.5
2063.4

Average
Energy
Density
(Wh/kgAct.Mat.)
206.1
165.0
151.4
139.9
121.7
108.7

Average
Power
Density
(Wh/kgAct.Mat.)
181.4
311.5
401.1
130.1
226.5
289.8

From Table 5.9, increases to the charge-rate decreases the energy density and
increases the power density, with LBC-M1 and LBC-M2 electrodes showing high energy
and power density on a LiBr mass basis, but when incorporating the mass of the active
material (the mass of MOF and LiBr combined), the energy and power density decreases
by a factor of 4x and 7x for LBC-M1 and LBC-M2. This disparity is a result of low LiBr
loading into the carbonized MOF, especially with LBC-M2 when compared to LBC-M1.
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When holistically assessing the results of this study, the LBC-M1 positive electrode
performs the best electrochemically and shows an average specific energy density over
100 cycles at a 1C charge rate of 968 Wh/kg-LiBr (compared to theoretical values of ~
1300 Wh/kg-Br2) and 219 Wh/kg based on the mass of the active brominated carbonized
MOF material with an average Coulombic efficiency of 98% and capacity retention of
88%. This result demonstrations that secondary, non-aqueous Li-Br2 batteries with
carbonized MOFs as positive electrodes can be viable alternatives to conventional Li-ion
batteries.
5.4 Conclusions
In this study, non-aqueous Li-Br2 cells were constructed with a lithium metal anode,
lithium-based electrolyte, a carbon coated glass fiber separator, and positive electrodes
with LiBr salt embedded into the pores of a carbon matrix derived from the carbonization
of MOFs including ZIF-8, MIL(53)-Al, and HKUST-1. Materials analysis details that
bromination of the carbonized MOFs leads to LiBr filling the micro- and mesopores of the
materials and accounts for between 14-33% of the weight in the carbonized MOFs. Based
on the results of porosimetry, it was found that carbonized HKUST-1 had the lowest
surface area and pore volumes of the carbonized MOFs and subsequent bromination
caused encapsulation of the carbon particles as seen in SEM-EDS results. Owing to this,
the electrochemical performance of brominated carbonized HKUST-1 was poor with initial
and final specific capacities of 104 and 76 mAh/g-LiBr over 100 cycles at a 1C charge
rate.
The brominated carbonized forms of ZIF-8 and MIL(53)-Al showed promise as both
versions displayed high specific capacities and overall Coulombic efficiencies, however,
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because of the wide range of pore sizes in from the MIL(53)-Al-derived carbon,
particularly the expansive mesopore region, Coulombic efficiencies and capacity
retention was slightly worse than the ZIF-8-derived carbon. The brominated carbonized
ZIF-8 material displayed Coulombic efficiencies of 98%, initial and final specific capacities
of 305 and 267 mAh/g-LiBr, and a capacity retention of 88% over 100 cycles at a 1C
charge-rate. From the cycling experiment with a 24 hour resting period, no significant
specific capacity was lost, indicating that LiBr is well confined in the micropores of the
material possibly due to the higher levels of C-N bonding that assists in pore confinement
and enhanced electrocatalytic activity, and compared to the positive electrodes in Chapter
4, the EIS results show a drastic reduction in total resistance translating to superior
electrochemical performances. Future work needs to address the low LiBr loading to
increase the practical energy densities of these cells, while maintaining the high levels of
Coulombic efficiencies and capacity retention.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDED FUTURE WORK
6.1 Conclusion
There is a need for improved energy and power density lithium-based
electrochemical energy storage systems. In order to improve upon current technology,
halogen-type batteries were investigated due to their low molecular weight and high
oxidation-reduction potentials. This study investigated secondary, non-aqueous Li-Br2
batteries through the pre-bromination of carbonaceous materials for use as positive
electrodes. To increase the Coulombic efficiencies and reduce capacity fading, porous
activated carbon was pre-halogenated with Br2 and was used as a positive electrode in a
non-aqueous battery with LiBr electrolyte. Compared to an untreated activated carbon
electrode, the brominated version increased the Coulombic efficiency and improved the
capacity retention over 100 cycles at a 1C charge rate.
Previous studies have shown that the use of complexing agents such as quaternary
ammonium

bromides

bind

to

the

corrosive

Br2

that

is

produced

during

charging/discharging. By sequestering this Br2, the life cycle was improved, and active
material losses were reduced, at the expense of energy density. Untreated activated
carbon had an average Coulombic efficiency of 79% over 100 cycles at a 1C charge rate,
while the pre-brominated activated carbon increased the average Coulombic efficiency to
94% over 100 cycles at a 1C charge rate. In addition, the capacity retention with untreated
activated carbon was only 69%, while the pre-brominated activated carbon had a capacity
retention of 88%. While promising, the overall specific discharge capacity for the prebrominated activated carbon was only 137 mAh/g-LiBr, less than half of the theoretical
capacity of LiBr at 309 mAh/g-LiBr. Investigating this further, it was found that open-circuit
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self-discharge capacity losses, although better than the untreated activated carbon, are
around 6.5% for 24 hours (0.27% per cycle). Furthermore, the internal resistances in the
battery, especially the solution resistance, was high, meaning that the oxidation potential
is shifted further towards the cut-off potential for battery cycling and suggesting that not
all the active material would participate in the electrochemical oxidation-reduction
reactions. However, the carbon-bromine bond reduces charge-transfer resistance,
improving electron transport, and, ultimately, the reversibility of the cells. Therefore, to
improve the performance of Li-Br2 cells, Br-species would need to be fixed into the pores
of carbon-based materials.
With this understanding, and to improve upon the previous results, a study into a
novel application of carbonizing MOF and embedding Br-species (by way of LiBr salt)
within the micropores of these materials for use as positive electrodes was investigated.
This study utilized three different MOFs with varying metal secondary building units,
organic linkers, surface areas, and average pore sizes including ZIF-8, MIL(53)-Al, and
HKUST-1. Following carbonization in a tube furnace, bromination of the carbonized MOF
materials led to the fixation into the micro- and mesopores of the materials. The resulting
cycling performances showed that for ZIF-8, the average Coulombic efficiency was
around 98% with an 88% capacity retention over 100 cycles at a 1C charge rate with a
final discharge capacity of 273 mAh/g-LiBr. Compared to MIL(53)-Al, the filling of the
micropores assisted in the cycling performance and showed low open-circuit selfdischarge capacity losses around 1% for 24 hours of rest and low solution resistance
values. However, a low practical energy density of 219 Wh/kg based on the mass of active
material (carbonized MOF and LiBr) demonstrates that low Br-species loading into the
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material needs to be addressed for Li-Br2 batteries to become a competitive alternative
to conventional Li-ion battery technology.
6.2 Recommended Future Work
Based on the results of this study, to improve upon the capacity retention,
Coulombic efficiency, and practical energy density, several factors should be investigated
as it relates to:
•

Electrolyte and electrolyte additives

•

MOF structures
Addressing the electrolyte and electrolyte additives, researchers, primarily in Li-S

battery systems, have investigated the use of lithium nitrate (LiNO3) as an additive to form
a protection layer upon lithium metal like how an SEI layer forms onto the graphitic anode
in Li-ion batteries. This is to protect the anode from shuttling of the redox active species
that can cause active material losses that reduce the overall capacity of the system.
Furthermore, the electrolyte solvents should be investigated and better tailored to the
system regarding lowering viscosity and further increasing supporting electrolyte (by
means of increased solubility of supporting lithium-based salts) to increase the
conductivity of the battery and improve the resistances. To date, there have been no other
studies that present Li-Br2 batteries in aqueous electrolyte or a mixed nonaqueous/aqueous electrolyte system that uses MOF materials as the positive electrode.
Focusing on the positive electrode materials and the MOFs, there are two distinct
directions that can be taken to study materials: 1. Carbonization/carbon derived from
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MOF materials and 2. the use of pure MOF materials grown onto the positive electrode
to act as a catalyst for redox reactions.
As mentioned in Chapter 5, the carbonization process is controlled by several
factors. An investigation into the differences in performance based on target temperature,
temperature ramp rate, the doping of materials with N2 from the inert gas flow should also
be conducted to not only optimize material performance, but also provide information
guiding the selection of MOFs with appropriate secondary building units and organic
linkers. Since MOFs are tunable materials, changes to the metallic secondary building
unit and/or organic linker can lead to different structures with various particle sizes and
pore size distributions. To increase the Br-species loading in the carbon materials, MOFs
with larger particles sizes that contain a high amount of micropores is needed, and in
order to maintain the fixation in the pores, increased concentrations of heteroatoms such
as N are needed as well.
While it is difficult to develop a single MOF meeting all these criteria, a strategy
known a heterogeneous hybridization can be used fuse the advantages of various MOFs
into one larger crystal. In studying supercapacitor electrode materials, Tang et al. utilized
this strategy by combining ZIF-8 and ZIF-67 MOFs into a hybrid crystal structure. ZIF-8,
with a Zn metallic secondary building unit and methylimidazole linker, advantages include
high N-content and surface area, but is less stable and develops amorphous carbon when
pyrolyzed. ZIF-67, with a Co metallic secondary building unit and methylimidazole linker,
advantages include high crystallinity, conductivity, and stability, but suffers from low Ncontent and surface area. Synergizing the advantages of both materials, ZIF-8 seed was
grown using a solvothermal method and the resulting crystals were then subjected to a
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seed-mediated growth method with ZIF-67 components. Once the reaction was complete,
the crystals were in a core-shell configuration with ZIF-8 representing the core and ZIF67 representing the shell. After carbonization, the carbon-matrix was found to possess
the advantages of both carbonized MOF materials: high surface area, N-content, and
graphitic structure (carbon crystallinity) with an interconnected micro/mesopourous
structure that displayed superior electrochemical performances with regards to
capacitance and retention [158].
As described in the introduction to Chapter 5, Li et al. developed MOF
electrocatalysts for Zn-I2 redox flow batteries. Essentially, the MOFs, particularly the
metallic nodes, are effective Lewis acid-base sites that can improve the reaction kinetics
of the redox active species, acting as catalytic sites that accept electrons and facilitate
accelerated electron transfer. By studying MOFs including UiO-66-CH3 and MIL-125-NH2,
the voltage efficiency improved compared to electrodes without MOF growth onto the
surface, which in turn improve the overall energy efficiency of the batteries. However,
poor chemical stability in aqueous solutions are still an issue that needs to be improved
[148].
Likewise, because halogens, especially Br2, are corrosive and highly reactive,
MOF materials can become unstable when exposed to these chemicals. Therefore,
selectivity of MOF secondary building units is key to reversibly convert Br2. Recently,
Tulchinsky et al. developed a redox-active MOF to capture and release Cl2 and Br2. This
MOF

known

as

Co2Cl2BTDD

(BTDD

=

bis(1H-1,2,3-triazolo[4,5-b],[4,5-

i])dibenzo[1,4]dioxin) was found to reversibly store the halogen chemicals and thermal
release of the halogens occurs with no significant losses of structural integrity to the MOF,
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as the parent cobaltous MOF retains its crystallinity and porosimetry, even after three
thermal oxidation/reduction cycles.
Mechanistically, for halogen storage, elemental Br2 and Cl2 reversibly oxidize
Co(II) centers in the MOF to form terminal Co(III) halides with the formula Co 2Cl2X2BTDD,
where X is either Cl or Br, through prolonged exposure to halogen vapors. Thermal
treatment of the oxidized MOF causes homolytic cleavage of the Co(III)-halogen bonds,
reduction

to

Co(II),

and

concomitant

release

of

elemental

halogens

[159].

Thermogravimetric analysis of the samples found that, around 80% of the halogens are
released, suggesting that reversible storage is feasible [159]. Fundamentally, this same
method could potentially be used to in Li-Br2 batteries as an electrocatalyst to
electrochemically and reversibly convert Br- to Br2 and should be investigated further.
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